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Abstract
A series of A/-aryl-A/’-cyanoguanidines and several related compounds have been 
prepared. and NMR spectroscopy of these, together with some enriched 
analogues, show that the amino tautomer is preferred in DMSO solution. Lack of 
variation in 5h for the nitrogen-bonded protons upon addition of water and increasing 
concentration indicates that prototropic tautomérisation is negligible on the NMR 
timescale. The variation of ôh with temperature shows ‘amide-like’ hydrogen bonding to 
DMSO. and NMR signals have been assigned and variations in 5c and 8  ^ have 
been interpreted in terms of a delocalised cyanoguanidine n system with a planar 
skeleton and minimal involvement of the aryl ring in the n delocalisation.
Examination of X-ray crystal structures for A/-cyano-A/’-(4-methoxyphenyl)guanidine and 
A/-cyano-A/’-(4-methoxyphenyl)-A/’-methylguanidine shows a planar cyanoguanidine with 
a tilted aryl ring, E  geometry about the C=N bond and a cis arrangement of the Ar and 
NH2 groups about the ArN-C partial double bond. The A/-(4-chlorophenyl)-A/’-cyano- 
A/,A/”,A/”-trimethylguanidine compound shows the ArNMe group twisted relative to the 
NMe2-C=N-CN portion resulting in reduced cyanoguanidine n delocalisation and giving 
rise to chirality in the crystal state.
The p/<a values in aqueous solution for proton loss from A/-aryl-A/’-cyanoguanidines were 
determined spectrophotometrically and lie in the range 10.9 - 12.7 ; the site of 
deprotonation is at ArNH. Treatment with Mel following deprotonation with n-butyl lithium 
yielded mono-, di- and trimethyl derivatives which have been isolated and characterised 
by NMR, microanalysis and mass spectroscopy; a breakdown product has also been 
isolated. Mechanisms for the breakdown and méthylation pathways are proposed.
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Chapter 
One
Introduction and 
Background
1.1 Guanidine
Guanidine has been referred to by several different names - carbamidine, iminourea, 
aminoformamidine and aminomethanamide to give a few. Guanidine 1 is%mall basic 
molecule which may be regarded as the imide of urea 2 .
NH
HgN NHg HzN NHz
1 2
Guanidine is a crystalline solid with a melting point of 48-49 °C.  ^ The free base may be 
obtained from a solution of guanidine perchlorate by treating with an alcoholic solution of 
potassium hydroxide.^ However, it is commonly used as one of its salts on account of 
the free base being highly deliquescent. It also absorbs carbon dioxide from air. 
Guanidine salts are prepared by fusion of cyanoguanidine with ammonium salts of 
inorganic acids in the presence of ammonium sulphamate.^ Many guanidine salts (more 
correctly guanidinium salts) are commercially available and are inexpensive to buy.
is
Structurally it is unusual in that it f^ar from having discrete single and double bonds and 
around the central carbon a delocalised n system is formed."* The infra-red spectrum of 
guanidine shows that it is planar from comparison with urea which is iso-electronic and 
planar.* The crystal structure of guanidinium chloride (the nature of free guanidine itself 
prevents structure determination by this method) confirms that the three carbon-nitrogen 
bonds are intermediate between single (1.47 A) and double bonds(1.24 A) having 
lengths 1.318, 1.325 and 1.325 A.® This and the planarity of the molecule support the
idea that the guanidinium ion structure is a resonance hybrid of three equivalent forms 
(Scheme 1.1).
HzK HzK HzN\
HzN HaN' HaN
C  NHz ------► C— NHz ^ C NHz
Scheme 1.1 - Resonance structures of the guanidinium ion.
*H NMR data for guanidine has not been found but work on substituted guanidinium 
picrates has allowed differentiation of substitution patterns.^
The most abundant fragment ion in the mass spectrum of guanidine (as the 
hydrochloride) is of mass 43, formed by loss of NHz».® A second major
fragment is of mass 28, (CNH2)'".
One of the most notable features of guanidine is its high basicity, especially for an 
organic compound. Its pKg* of 13.6 is comparable to sodium hydroxide (pK = 14).® This
the
high basicity is attributed to the formation of^delocalised electron system in the 
guanidinium ion (Scheme 1.1). Methyl-substituted guanidines are of similar basicity to 
guanidine itself, having pKg values in the range 13.4 - 13.9.*° Monosubstituted 
guanidines show a marked variation in basicity, with pKg values spread over a wide 
range showing dependency on the nature of the substituent. The p/Cg values are found to 
correlate with the electronegativity of the substituent.®'** Substitution with electron-
*  Throughout this thesis pKg, the acidity constant for the guanidinium ion, will be used to quantify the
‘basicity’ of guanidine.
withdrawing groups, as in 3-6, leads to a significant decrease in basicity (lower pKg for 
guanidinium); in fact, nitroguanidine 6 is slightly acidic.*^
^ C N
C = N
H z N ^
3
HzN
\
C = N
HzN
NOCHzCHzCHNHs
coo-
^ S O zC6H4NHz
C = N
HzN
/
HzN
\  /  
C = N
HzN
NOz
Guanidine, its substituted derivatives and its salts have found a huge range of
applications and have been the subject of a recent review 12
The guanidine functional group can be found in many naturally occurring compounds 
and many of them have useful properties which have been exploited. Of the twenty or so 
essential amino acids L-arginine 7 contains a guanidine group. Streptomycin 8 is a 
useful broad spectrum antibiotic produced by Streptomyces griseus (a strain of 
bacteria).*®
NH NHz
NHz C N H  GHz— GHz GHz G H  GOGH
NHMe
NH
NH,
...OH
8
Synthetic guanidine compounds have found a broad range of applications, for example, 
as pesticides and as drugs. Dodecylguanidine acetate 9 (Cyprex, American Cyanamid 
Co.) is used as a fungicide being especially effective against fruit diseases.
NH
C12H25 NH 0  NH2.CH3C OH
C 2 H 5 HN
Cl
N
10
01
NHC(CH3)2H C 2 H 5 HN N N H C 2 H 5
11
Atrazine 10 and Simazine 11 are used as selective herbicides, being strong inhibitors of 
photosynthesis, affecting only plants which are unable to metabolise them."*® Another
destructive guanidine derivative is nitroguanidine 6 , made from guanidine nitrate, used 
as explosive propellant in anti-aircraft weapons.^® Paludrine^ 12, one of the first 
successful anti-malarials, is a biguanide made by reaction of substituted cyanoguanidine
with an amine 17
12
It has recently been discovered that disubstituted guanidine acetic acids of the general 
formula 13 are highly potent sweeteners and sweetness factors of up to 200,000 times 
that of a 2 % sucrose solution have been found.
NHR
/  \
ArN NHCHzCOOH
13
Direct alkylation of guanidine with simple alkyl halides usually gives a range of products. 
As a result, a better route to alkyl (and aryl) substituted guanidines is to synthesise them 
directly from suitably substituted starting materials (Scheme 1.2).”"®’^ °
 ^ 1 -isopropyl-5-(4-chlorophenyl)biguanide
NH
RNH2
c -----NH2# I/2H2SO4 - ---------------- ^  Rh ---- C
H NH
 NH2.  1/2H2SO4 + MeSH
where R = alkyl or aryl
H
RN-
base
NH
C NH2
Scheme 1.2 - Formation of substituted guanidine
Guanidine undergoes slow hydrolysis to urea and then to ammonia and carbon dioxide 
(Scheme 1.3). Under alkaline conditions the rate is increased but in either case the
reaction is reversible.^  ^ The formation of guanidine from ammonia and carbon dioxide
has been reported.22
NH
1
2 H2O
3 NH3 CO2
Scheme 1.3 - Hydrolysis of guanidine
Preparative methods for alkyl or aryl substituted guanidines include reaction of amines 
with methylisothioureas 14, carbodiimides 15 and ureas 16 (Schemes 1.4 -1.6).^^
R1NH,
H2N C  ► H2N — c
^ N R  NR
14
Scheme 1.4 - Formation of aikyi/arylguanidine from substituted methylisothiourea
NHR3
R3NH3X /
R 1 N = C = N R 2  -----------------— ► R1HNC HX
\ NHR2
15
Scheme 1.5 - Formation of aikyi/arylguanidine from carbodiimide
H O OPOCI2  N HR3
\  y  PO CI3  /  R3NH2 /
-------------- ► R2NHC^  ► R2HHC
R< ^NHR2 ^S^R1 ^NR1
16
Scheme 1.6 - Formation of alkyl/arylguanidine from substituted urea
The proton exchange between guanidinium ion and water in water-DMSO mixtures has 
been studied.
1.2 Cyanoguanidine
1.2.1 Uses
Cyanoguanidine 3 is of interest because for a molecule of its size it is highly functional, 
allows the possibility of tautomérisation, has an unusual structure and shows properties 
which are remarkably different to simple guanidines. As a result, it and its derivatives
have been the subject of much research.51
Cyanoguanidine and its derivatives have a myriad of uses. It is important as a starting 
material, for example in the production of compounds such as guanidine salts, 
biguanides 17^ ’^l^guanamines (substituted triazines)^® which are six membered ring 
compounds with alternating carbon and nitrogen atoms. In the past it has been used in 
the production of melamine* 18 (a guanamine) but it has largely been replaced by urea 
which is a far cheaper starting material.
R1 R4
N  0  N C  N
y
biguanide 17
R1-5 = H, alkyl or aryl groups
NHg
2,4,6-triamino-1,3,5-triazine
18
NH,
In the polymer/ plastics/coatings industry it has been used as a cross-linking agent in 
epoxy resins and as a curing agent in thermoplastics. It and its derivatives have 
applications in surface coatings such as heat and flame retardation and water proofing. 
However, due to light sensitivity and yellowing the main applications are in decorative 
coatings for indoor use.^  ^Cyanoguanidine was one of the earliest curing agents used for 
epoxy resins. It is used at 2-6 parts per hundred of epoxy resin as a latent catalyst to 
give formulations with a pot life of up to several months. Upon heating to 150 °C, a rapid 
cross-linking reaction takes place, which is usually complete in about half an hour.^ ®
Amino resins are thermosetting polymers made by combining an aldehyde with a 
compound containing an amino group. Cyanoguanidine is used as a curing agent for 
some which have specialised applications, for example, in printed circuit boards.^® It is 
also used as a solid latent hardener in adhesives and powder coating applications. Its 
latent nature is due to its insolubility in epoxy resins at room temperature.^^ Since the 
mechanism of cyanoguanidine/epoxy resin curing involves the epoxide function and the 
amino groups and various hydroxyl groups, the cyanoguanidine is usually used as a fine 
powder and in slight excess so that the rate of reaction is increased. There are 
problems as well as advantages associated with the use of cyanoguanidine as a curing 
agent. The advantages are it gives the polymers good electrical properties and high 
temperature resistance; disadvantages are incompatibility with epoxy resins, long cure 
cycles even at high temperatures and poor chemical resistance.
One of the biggest areas of research is into their potential use in crop protection, as 
biocides. This may be in the form of a herbicide, an insecticide, a fungicide or an 
agaricide.®°
10
Some cyanoguanidines have therapeutic value to humans and the discovery of the drug 
Paiudrine 12 spurred on the search for similar compounds. Much research has been 
carried out into finding and improving compounds with suitable pharmacological 
properties. Some of the biggest selling drugs contain the guanidine functional group.^  ^
Some, such as cimetidine* 19, the active ingredient in Tagamet, a popular drug for the 
treatment of gastric and duodenal ulcers, contain a cyanoguanidine function. Another 
drug is pinadicif 20 , used in the treatment of high blood pressure (hypertension).
NHMe
H N . ^ N
19 NCN Me
O H OH
CHgO H
O H
HO
0  HH N
O HH
20
21
Cimetidine /V-cyano-A/’-methyl-/\r-[2[[5-methyl-1 H-imidazol-4-yi]methyl]thio]ethyiguanidine
Pinadicil A/-cyano-A/’-4-pyridinyl-A/”-(1,2,2-trimethyl)propy!guanidine
11
A not so beneficial compound is tetrodotoxin 21. This is the poison found in the ovaries 
and livers of puffer fish, which is considered to be a delicacy by the Japanese.^ '^^^
1.2.2 Structure and Tautomerism
Cyanoguanidine 3 is the modern name for the dimer of cyanamide 22
HzN
HzN CN C = N ------ CN
22 3
According to Bel, the trivial name, dicyandiamide, was first used by Haag in 1862, and it 
was he who found many of its physical and chemical properties.^  ^Cyanoguanidine exists 
as colourless, monoclinic crystals with a melting point of 209.5
A variety of structures have been proposed for cyanoguanidine [Fig. 1.1 23-26, plus 3]. 
The correct structure 3 was proposed by Pohl in 1908 on the basis of its reaction with 
sodium hypobromite.^® This structure was subsequently confirmed when its crystal 
structure was obtained by Hughes in 1940.^® According to Hughes, the C-N bonds 
around the guanidine carbon are shorter than usual and this is ascribed to the formation 
of a delocalised system in this area. The heavy atom skeleton was found to be almost 
planar but one of the amine groups is found to be about 30 ° out of plane with the rest 
the of the molecule.
12
HN
NH
NH
HzN C C
\ /
NHz
23 24
HzN
H
N NH HzN
H
NHCN
25 26
Fig. 1.1 Some proposed structures for cyanoguanidine
Aside from defining the spatial arrangement of atoms within the molecule and molecules 
within the crystal, X-ray crystal data have been used to determine the electron distribution 
within the molecule.®  ^As expected there is charge migration from the amine groups to 
the electronegative cyano group with resulting slight positive charge at these groups and 
a slight negative charge at the cyano group. There is also charge contraction at the 
heavy atoms and evidence that interatomic charge migration occurs mainly in the n 
orbitals and that resonance structures with charge separation contribute as much to the 
total valence structure as the static representation 3.
Infra-red spectroscopy has also been used to investigate its structure.®®'®®'"^ ® Structures 
23 and 24 were discounted through IR spectroscopy on the crystalline material.
According to Bel, Rathke proposed that all its chemistry could be explained not by one 
structure but by two. He suggested that there was an easy movement of a hydrogen 
atom from one tautomer to another.®® There are two possible tautomers for
13
cyanoguanidine, 3 and 26. The imino form is 3 and the amino form is 26. The amino 
form 3 is the only structure in keeping with all its chemistry
Other methods have been used to probe its structure. Its NMR spectra (of DMSO 
solutions) over a wide pH range show a single peak at 6.57 ppm representing all four 
protons, further evidence for the amino form with two equivalent NHz groups.^® Its ®^N 
spectrum (also in DMSO) has recently been recorded by Bedford et a/."*® There are three 
nitrogen signals as expected and the signal for the cyano nitrogen is at a higher chemical 
shift than expected. The mass spectrum of the free base has been recorded and the 
molecular ion is found to decay via two main routes; one by loss of CNzH# and the other 
by loss of NHz*.®
With all the evidence pointing toward the amino structure and firm data excluding other 
forms there has still been some confusion as to its structure until the present day. This 
has been commented upon by Stockel.'*'*
Cyanoguanidine has also been studied theoretically (by ab initio MO calculations). Four 
possible structures (3, 23, 24 and 26) were modelled by Moffat and the most stable one 
was found to be 3, the same as identified by crystallography."^® The data obtained in this 
way correlates well with experimental values. Others have also looked at inversion 
barriers at the nitrogen atoms.^®
1.2.3 Selected Reactions of Cyanoguanidine
The hydrolysis of cyanoguanidine has been studied in both acid and alkaline aqueous 
media. No decomposition of a solution of cyanoguanidine in pure water held at 85 ° 0  is 
found after three days."^ ^
14
Acid hydrolysis of cyanoguanidine with one equivalent of aqueous mineral acid at 80 °C 
results in the formation of guanylurea salts 27 (Scheme 1.7). This reaction can be used 
for the determination of cyanoguanidine since it is quantitative.
HzN. NH
\
C N  CN +  HX +  H2 O H2 N  0  N H  C  NH2*HX
H2N
27
Scheme 1.7 - Acid hydrolysis of cyanoguanidine
Under alkaline conditions guanylurea is also formed but it then decomposes to 
guanidine, carbon dioxide and ammonia (Scheme 1.8)."*® The formation of guanylurea is 
much faster than the decomposition of guanylurea to carbon dioxide and ammonia."*®
H2NI
HgN
C = N  CN
H2O
NH
H2N  C  N H  C  NH;
28
OH
NH
H2N  C  NHz + CO2 + NH3
Scheme 1.8 - Alkaline hydrolysis of cyanoguanidine
15
One example of the alkylation of cyanoguanidine involves heating it with 
dimethylsulphate in methanol.®® This gives the dimethylcyanoguanidine as the salt. As 
with guanidine substituted derivatives of cyanoguanidine are usually made directly.
1.3 Substituted cyanoguanidines
1.3.1 Introduction
Unlike cyanoguanidine, relatively little is known about the chemistry of AZ-aryl-AT- 
cyanoguanidines and this thesis will be concerned with their chemistry, that of selected 
analogous compounds and some methylated derivatives of A/-aryl-A/-’cyanoguanidines. 
The choice of A/-aryl-A/’-cyanoguanidines is to allow for electronic modification by 
systematic variation of the aryl substituent.
1.3.2 Synthesis of cyanoguanidine, Af-aryl-Af’-cyanoguanidines 
and related compounds.
Cyanoguanidine can be made on a laboratory scale by dimerization of cyanamide in 
aqueous solution containing ammonia, although it is now commercially available at low 
cost.®"* Industrially it is manufactured by a continuous process where a 25 % solution of 
cyanamide at pH 8-9 is heated at 80 °C for two hours after which cooling followed by 
vacuum filtration gives crystalline cyanoguanidine with quantitative yield.®*
A/-cyano-A/’-phenylguanidine 33 was first synthesised by Wheeler and Jamieson in 
1903.®® They reacted phenyl isothiocyanate 29 with sodium cyanamide 30 to give 31 and 
subsequent S-methylation and treatment with ammonia gave the product ( Scheme I A)
16
N = C = S  + N ------ CN
"  30
N = C  N H — -CN  31
SNa
Mel
N = C  N H  CN 32
SMe
NH3
 N = C  N H  CN + HSMe
NHz
33
Scheme 1.9 - Formation of AZ-cyano-A/’-phenyiguanidine.
Another synthesis was later given by Walther and Grieshammer.®® Their method was to 
pass dry hydrogen chloride gas into an ether suspension of triazene (from reaction of 
diazotized aniline and cyanoguanidine) and then to pour the mixture into hot water to 
eliminate nitrogen. A problem with this reaction is the triazene which is potentially 
explosive when dry and subjected to friction.
17
A similar method involves the diazotization of arylamines then reaction with
cyanoguanidine (Scheme 1.10) 54
HgN
HgN
\
(
/
N = N  N C = N  CN
Na NHz
N = N  -Cl
N CN
HOI
N C = N  CN
H NHg
N = N  N C = N  CN
H NH2
Scheme 1.10 - Formation of A/-phenyl-A/’-cyanoguanidine. via diazotization of arylamine
18
Several methods other may now be employed for the preparation of substituted 
cyanoguanidines. One is by reaction of ammonia or substituted amine with cyanoisourea 
34 (from sodium cyanamide and substituted isothiocyanate) (Scheme 1.11).^^
SMe NHR2
/  R2NH2 /
R 1 N H  C  ► R l N H -------C
%  %N  CN N  -CN
34
Scheme 1.11 - Formation of substituted cyanoguanidine from cyanoisourea
A simpler method is to heat together dicyanamide 35, or one of its salts 36, with a 
primary or secondary amine (or salt of) in an acid medium (Schemes 1.12 -1.13).^"^’®®’®®
CN R2 R2 ^"2
/  /  \  I
H + R1 N  ► N ------C = N ----- CN
CN r /
35
Scheme 1.12 - Synthesis of substituted cyanoguanidine from cyanamide
CN R2 R2 T "
/  /  -MX \  I
M N + R1------N HX ---------► N ------C =  N----- CN
ON R1
36
Scheme 1.13 - Synthesis of substituted cyanoguanidine from metal salt of cyanamide
19
Alternatively they may be prepared by dethionating an appropriately substituted thiourea 
in the presence of a cyanamide (Scheme 1.14). Dethionating agents include the oxides 
and other salts of metals such as lead, silver and mercury, which have a high affinity for 
sulphur and whose sulphides are precipitated out during reaction.The problem is that 
the heavy metal salts are not very environmentally friendly and are costly to dispose of.
RNH CN
C =  S +  MO +  H 2 N — CN --------- ► R N H ------ 1 ------ N H 2  +  MS +  H 2 O
Scheme 1.14 - Formation of substituted cyanoguanidine from thiourea
Another commonly used method is to react cyanamide with carbodiimides (Scheme 
1.15).®® The conditions used are relatively mild, the time taken short and yields are good.
NHR1
 N = C = N  R2 + H2N— CN -------- ► N C ------ N = C ^
^ N H R 2
15 22
Scheme 1.15 - Formation of substituted cyanoguanidine from carbodiimide 
For mono-substituted cyanoguanidines one of the R groups is hydrogen.
When disubstituted cyanoguanidines are prepared the structure of the product is 
dependent on the starting material used. When the method involves the use of a 
disubstituted amine (as in methods using cyanoisourea or cyanamide) the product will be 
disubstituted on the same nitrogen (Scheme 1.13) whilst a method using a carbodiimide 
will result in a product with substituents on different nitrogens (Scheme 1.15).
20
1.4 Aims of this study
The general aim of this work is to study the effects of A/-substitution on the structure, 
bonding and reactivity of cyanoguanidine. A/-Aryl-A/’-cyanoguanidines have been chosen 
because they are readily prepared and changing the substituent on the aryl ring allows 
modification of properties.
Like cyanoguanidine it is possible for these compounds to adopt a number of different 
tautomeric forms. NMR spectroscopy will be used to study tautomerism and electron 
distribution in DMSO solution. X-ray crystallography will be used to study the solid state 
structure.
Little is known about the acid/base properties or the reactivity toward electrophiles of N- 
aryl-A/’-cyanoguanidines, though it may be expected that they would exhibit similar 
behaviour to cyanoguanidine. Their acidity (pKg) will be investigated
spectrophotometrically in aqueous solution. Reactivity toward electrophiles will be 
studied by reaction with methyl iodide.
21
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Chapter 
Two
structure in Solution
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2.1 Introduction
The aim of the work described in this chapter was to determine by NMR the solution 
state chemistry with respect to tautomerism and structure of a series of AZ-aryl-AT- 
cyanoguanidines and other selected cyanoguanidines. Three tautomeric forms are 
possible, 38A-C, for such monosubstituted cyanoguanidines.
H Ar H
Ar — \  / "  /
^ C = N  \/vw\CN C ------N C----- N
H2N HgN ^ C N  H N ^  ^ C N
38A 38B 38C
the
Of these, 38A and 38C, are most commonly found injiterature , although it has been 
argued that tautomer 38A must be adopted for the structure of the molecule to be in 
accordance with the observed properties, such as basicity and acidity, of the 
compounds.^
The only NMR data in the literature is the NMR spectrum of AZ-cyano-A/*- 
phenylguanidine quoted by Miller et al? However, some^the assignments are dubious 
and differ from those found in this work; a peak at ô = 3.42 ppm has been attributed to 
the two protons of a NH2 group and there is no peak listed for a remaining NH group. 
Assignments are also given for the '‘®C NMR spectrum of the same material quoting 
two cyano and two imino signals.
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2.2 Results and Discussion
2.2.1 Preparation of AZ-aryl-AT-cyanoguanidines
The A/-substituted A/’-cyanoguanidines in this work were prepared using a method 
adapted from Turner/ Equimolar quantities of substituted aniline 39 and sodium 
dicyanamide 40 were refluxed together in 0.5 M hydrochloric acid for 1-24 h, depending 
on the aniline, before cooling, filtration of solid and recrystallisation from hot ethanol 
(Scheme 2.1) to give the product.
NH
39
CN
NaN^
\
CN
40
0.5M MCI
reflux
41
where for aniline 39 or A/-aryl-A/’-cyanoguanidine 41
X 39 or 41 X 39 or 41
4 -CH3 0 a 3-CI f
4-CH3 b 3-NO2 g
H c 4-CN h
4-CI d 4 -NO2 i
4-Br e
Scheme 2.1 - Preparation of AZ-aryl-AT-cyanoguanidines
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other cyanoguanidines (Scheme 2.2) were synthesised in a similar manner®-®, although 
they were refluxed in less aqueous media. Ethylamine was used as the hydrochloride.
R'' CN
/
NH + NaN\  cyanoguanidines
CNR
42-44 45-47
42.45 = Ph, = Me a : HCI
43.46 R’ = Et, R^  = H a ; 2-butanol / water
44.47 r ' = PhCHa, R  ^= H a : H2SO4 /  2-butanc!
Scheme 2.2 - Preparation of other cyanoguanidines
All were pure by T.L.C. and gave sharp melting points. They were identified by 
comparison of melting point with literature values (Table 2.1) and by their NMR 
spectra (Table 2.2).
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Table 2.1 - M.p., yields (after recrystallisation) and v(C=N) for 
A/-substituted A/’-cyanoguanidines
compound ^-substituent v(C=N)/cm"1 Yield/% M.p/'C Lit. m.p/"C
41a 4-methoxyphenyl 2188 50 191-193 187 (a)
188-189 (c,d,h)
41b 4-methylphenyl 2185 52 213-214 211.5-212.5 (j) 
217-218 (h)
41c phenyl 2179 36 204-205 196-197 (j) 
194-195 (g) 
198-199 (h)
41 d 4-chlorophenyl 2180 59 205-207 203 (a) 
202-203 (c,d)
410 4-bromophenyl 2180 43 198-199 198 (a)
41f 3-chlorophenyl 2187 18 233-234 232-233 (h)
419 3-nitrophenyl 2167 7 223-224 229 (b)
41h 4-cyanophenyl 2184 4 225-227 244 (b)
41 i 4-nitrophenyl 2193 9 242-243 242-243 (a) 
227-229 (c)
243-244 (d)
45 A/-methyl-/V-phenyl 2179 20 139-141 135-136 (e) 
129-134 (g)
46 ethyl 2161 59 74-6 71-72 (f)
47 benzyl 2174 13 108-109 108-109 (g)
48^ phenyl-^ N^ 5 194-196 196-197 (h)
49k 4-nitrophenyl-^ ^N 0.5 242-243 242-243 (a) 
227-229 (c)
243-244 (d)
(a) H .L  Bami, J. Indian Inst.Sci., 30A, 15, (1948)
(b) H .L  Bami, Currenf Sc/. (India), 17,186, (1948)
(c) U.S. 2,409,832, Oct. 22 1946, ICI Ltd.
(d) F.H.S. Curd, F.L. Rose, J. Chem. Soc., 729, (1946)
(e) A.E. Miller, D.J. Feeney, V. Ma, L. Zarcone, M.A. Aziz, E. Magnuson,
Synth. Commun., 20(2), 217, (1990)
(f) F.H.S. Curd, J.A. Hendry, T.S. Kenny, A.G. Murray, F.L. Rose, J. Chem. Soc., 1630, (1948)
(g) Brit. 631,878 Nov. 11.1949, American Cyanamid Co.
(h) R.W. Turner, Synthesis, 332, (1975)
(i) U.S. 2,455,894 Dec. 7. 1948
(j) Brit. 576,401, Apr. 2 1946, ICI Ltd.
(k) Prepared from ca. 10 atom% ^^N-enriched aniline.
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2.2.2 Structure - Tautomerism
2.2.2.1 NMR Spectroscopy
The disubstituted guanidines, 41a-i, ali have similar proton spectra (Table 2.2). A typical 
one is shown Fig 2.1.
Fig. 2.1 Proton NMR spectrum of A/-(4-chlorophenyl)-A/’-cyanoguanidine 41 d in dg-DMSO
This consists of peaks for TMS (s, Ô = 0.0 ppm), DMSO (m, 5 = 2.5 ppm), water (s, Ô = 
3.4 ppm), aromatic ring protons (m, 5 « 7.3 ppm) and two other singlets. The one 
downfield of the ring peaks, at 5 = 9.18 ppm integrating for one proton is assigned to a 
NH group, the other at 6 = 7.09 ppm integrating for two protons, is assigned to a NH2 
group. Clearly the predominant A/-aryl-A/’-cyanoguanidine structure contains both NH and 
NH2 groups, this excludes tautomer 380 which would give rise to a spectrum with three 
NH singlets - two for sp^ NH and one for imine NH. This leaves two possible tautomers 
38A and 38B. Analogous H^ spectra are seen for cyanoguanidines 45-47. However, the 
methylene signals are split into a quintet for the ethyl compound 46 and a doublet for the 
benzyl 47 indicating coupling between these protons and NH showing that 46 and 47 do
30
have structures analogous to 38A. Compound 45 can only adopt structures 38A or 380 
and the single NH2 peak excludes 380.
Me NH2
- C = N  CN
45
H NH2
CH3CH2 N  C = N  CN
46
H NH2
( ^ )  CH2 N  C = N CN
47
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Table 2.2 - Chemical Shifts (ppm) of /V-substituted A/’-cyanoguanidines in de-DMSO
/V-substituent
41a 4-methoxyphenyl 
41b 4-methylphenyl 
41c phenyl
41 d 4-chlorophenyl 
41 e 4-bromophenyl 
41 f 3-chlorophenyl
419 3-nitrophenyl
41 h 4-cyanophenyl 
411 4-nitrophenyl
45 /V’-methyl-/V-phenyl
46 ethyl
47 benzyl
48 phenyl-^®N
49 4-nitrophenyl-^®N
NH ArH NH2 other signals
8.84 6 .88 , d 
7.22, d
6.84 3.73, s, (C H 3 O )
8.95 7.21, d 
7.12, d
6.91 2.25, s, (C H 3 )
9.04 7.34, d 
7.27, t 
7.08, t
6.99
9.18 7.39, d 
7.35, d
7.09
9.17 7.48, d 
7.34, d
7.09
9.22 7.55, s 
7.33, t 
7.24, d 
7.12, d
7.14
9.53 8.38, s 
7.90, d 
7.74, d 
7.59, t
7.29
9.70 7.76, d 
7.60, d
7.36
9.85 8.17, d 
7.62, d
7.44
7.42, t 
7.33, t 
7.27, d
6.93 3.21, s, (C H 3 N )
6.51 6.37 3.24, qn, (C H g )  
1.13, t, (C H 3 )
8.32 7.31, m 6.78 4.27, d, (C H z )
9.04 7.31, m 
7.07, t
6.98
9.90 8 .20 , d 
7.66, d
7.47
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2 2.2.2 Correlation of ôh with <jx
A/-Arylamidines such as 50 are structurally similar to A/-aryl-A/’-cyanoguanidines in the 
form 38B.
H
N  CN
Ar— - N = C  Ar----- N ------ C.
11 N l  H
H
50 388
Linear free energy relationships (LFERs) have been used to show the delocalisation of 
the amine (-NR^R®) lone pair to form a conjugated system in such amidines. Rotational 
barriers correlated with (where X = substituent on Ar) for a series of A/,A/-dimethyl-A/’- 
(substituted pyridyl)formamidines (50; R^  = H, R^  = R® = CH3, Ar = substituted 2-pyridyl)/ 
High rotational barriers mean there is more ‘through conjugation’ or increasing double 
bond character of the C-NR^R® linkage and the correlation with ox" implies through 
conjugation of the amine lone pair into the X substituent. Correlation of pKg values, which 
reflect imino (N=C) lone pair delocalisation, with oy rather than imply that this lone 
pair is in the plane of the planar )N-C=N-Ar system. A similar treatment has been applied 
to the A/-aryl-A/’-cyanoguanidines 41a-i using 5h, a property which should reflect the 
nitrogen lone pair delocalisation. That ôh variation due to slight differences in 
cyanoguanidine concentration or solvent water content is negligble compared with that 
due to X is confirmed later (see section 2.2.S.2). A good correlation is found between 5 
(NH) and (enhanced substituent constant) for compounds 41a-i [Fig. 2.2].
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IQ. 9.8 -
9.6 -
Z
V)
9.4 -S
I.cu
Xz
9.2
-0.5 0 0.5 1 1.5
sigma minus
Fig. 2.2 Plot of Ôh(NH) vs. for compounds 41a-i (r = 0.997)
That for 5(NH2) [Fig. 2.3] was good for all compounds except the 4-CN and 4 -NO2 
derivatives with ox° of <^ x“- Values of cjx° and differ little for the substituents used 
here except for 4-CN and 4-NO2, however, the lack of correlation for these key 
substituents suggests that 38B is unlikely.4'
7.5 ^
7.4 -£a.a
7.3 -g
!c
(A
S
I
«(M
Xz
7.2 -
C9 --
-0.5 0 0.5 1 1.5
sigma minus
Fig. 2.3 Plot of 0h(NH2) vs. ox" for compounds 41a-i 
(omitting 4-NO2 and 4-CN, r = 0.994)
 ^ Correlation of 5h(NH) with a  would be expected for 38A or 38B, but correlation of ÔhCNHj) with o’ would be 
expected only for 38B. Values ct and &  are from J. March, Advanced Organic Chemistry - Reactions, 
Mechanisms and Structure, Wiley-lnterscience, New York, (1992).
34
2.2.2.S 15N NMR Spectroscopy
Natural abundance NMR spectra were recorded for the A/-cyano-A/’-phenyiguanidine 
compound, 41c. The proton-decoupled spectrum [Fig. 2.4] shows four signals - one for 
each of the nitrogens present in the molecule. The proton coupled spectrum is shown in 
Fig. 2.5. The singlet at -184.6 ppm is assigned to the nitrogen of cyano group and the 
one at -282.9 ppm to the imino nitrogen (C=N). These assignments are based on values 
for other guanidine and cyano compounds.® The doublet at -277.5 ppm is due to NH and 
the triplet at -298.5 ppm is due to NH2. This information confirms the exclusion of 
tautomer 38C.
180' I ' ' ^200 ' I2 0  ' ' 1240 ' I260  ' 1280 ' ' 13Ô0 '•160
Fig. 2.4 Natural abundance NMR proton-decoupled spectrum of 
A/-cyano-A/’-phenylguanidine 41c in dg-DMSO
However, neither these nor the proton spectra alone distinguish between tautomers 38A 
and 38B since they would have the same number and type of peaks. Site specific 
isotopic labelling with ®^N is necessary to distinguish between 38A and 38B. The proton- 
coupled ®^N NMR spectrum of A/-cyano-A/’-phenylguanidine 48, prepared from ca. 14 
atom% ®^N enriched aniline and therefore ®^N enriched at the nitrogen bearing the aryl
35
group, shows only an enhanced doublet [Fig. 2.6] at ca. -276 ppm . This shows that a NH 
group is connected to the aryl and shows that the tautomer adopted is 38A.
ppm
Fig. 2.5 Natural abundance NMR proton-coupled spectrum of 
A/-cyano-A/’-phenylguanidine 41c in dg-DMSO
-255 -260 -265 -270 -275 -280 -285 -290 -295 ppm
Fig. 2.6 Proton-coupled ®^N NMR spectrum of ®^N enriched 
A/-cyano-A/’-phenylguanidine 48 in dg-DMSO
The appearance of satellites in the NMR spectrum [Fig. 2.7] around the NH singlet 
confirm the preparation of a single site enriched compound. The satellites are due to H-
15N (I = %) coupling giving rise to a doublet (J = 90 Hz) for one proton.
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9.5 9.0 8.5 8.0 7.5 7.0 6.5 ppm
Fig. 2.7 NMR spectrum of A/-cyano-A/’-phenylguanidine 48 showing satellites in dg-DMSO
The linearity of the ôh(NH) vs. and the ôh(NH2) vs. ax°/ax" (in part) correlations is 
indicative of a common structure (38A) for all compounds 41a-i. However, in view of the 
deviation noted for the compounds 41 h, 41 i bearing the strongly electron-withdrawing 
groups 4-CN and 4-NO2, a small amount of A/-cyano-A/’-(4-nitrophenyl)guanidine, ca. 10 
atom% ^®N-enriched at the nitrogen bearing the aryl group, was prepared. Its proton- 
coupled NMR spectrum [Fig. 2.8] showed an enhanced doublet at -271.3 ppm 
= 94 Hz) again confirming structure 38A.
f#'n
— ■ I I 1— 1—-0 5  0 -255 -260 -265 -270 ■ ■ ■ ■ .275 ■ -2(0 -285 ppm
Fig. 2.8 Proton-coupled ®^N NMR spectrum of ®^N enriched 
A/-cyano-A/’-(4-nitrophenyl)guanidine 49 in dg-DMSO
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HAr— N
\ )  = N^AAArCN
38A
This doublet collapsed to a singlet at -271.35 ppm with proton decoupling [Fig. 2.9].
-255 -260 -265 -270 -280 -285 -290 -295 ppm
Fig. 2.9 N NMR proton-decoupled spectrum of enriched 
A/-cyano-A/’-(4-nitrophenyl)guanidine 49 in dg-DMSO
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2.2.3 Structure - Prototropic Tautomérisation
2.2.3.1 NMR Spectra and Rate Processes
Proton transfers between X-H and Y, where X and Y are commonly centres such as C, 
N, O and 8 , occur widely and have been much studied. Transfers involving nitrogen are 
generally faster than those involving carbon but slower than those which are oxygen 
centred.
Couplings in NMR spectra give an indication of the time a proton spends at one site. 
The observation of ^®N-H coupling of 89-94 Hz for 48 and 49 indicates that
proton transfer is negligble on the NMR coupling timescale for these compounds for the 
specific conditions (dg-DMSO of low water content) of the ®^N NMR experiments, but 
NMR was used for a wider study.
Dynamic processes such as interconversion between different tautomers, positional 
changes of functional groups and proton exchange, may be investigated using NMR 
spectroscopy. Proton exchange is of particular relevance in this work. An example is 
shown [Fig. 2.10] where a sample containing two species, A and B, which do not undergo 
exchange or do so only very slowly on the NMR timescale, will have a spectrum 
containing two sharp singlets with chemicals shifts 8A and 8B [Fig. 2.10a]. If the two 
species undergo fast exchange a single peak, with a chemical shift dependent on the 
relative populations of each species, will be observed [Fig. 2.1 Oh]. For rates of exchange 
between these extremes [Fig. 2.10b-c] two increasingly broad lines will be seen. As the 
exchange rate increases the lines are seen to broaden further and to coalesce [Fig. 
2.10d-f]. The coalescence point is when the two lines just merge to become one [Fig. 
2.1 Of]. Further increase in exchange rate leads to sharpening of this peak until fast 
exchange is reached as in Fig 2.1 Oh.
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(a) (e)
(b) (f)
(c) (g)
(d) (h)
/L
Fig. 2.10 A series of diagrams showing the broadening and 
eventual coalescence of two peaks.
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The occurrence of exchange phenomena is just one reason for line broadening. Another 
is the presence of quadrupoiar nuclei such as nitrogen-14. The expected coupling
pattern is a 1:1:1 triplet (I = 1 for [Fig. 2.11a] but a singlet [Fig.2.11b] is usually 
observed due to ‘decoupling’ resulting from the rapid relaxation of the quadrupoiar A 
nucleus with I > % , such as possesses a nuclear electric quadrupole moment which 
is a measure of the departure of the nuclear charge distribution from spherical symmetry. 
Interaction between electrostatic potentials of lower than cubic symmetry, e.g. where 
there is an asymmetric distribution of bonding electrons around the nucleus, and the 
quadrupole moment results in the loss of splittings due to coupling interactions. This is 
referred to as ‘decoupling’. Incomplete decoupling leads to peak broadening [Fig. 2.11c].
(a) (b) (c)
Fig. 2.11 Diagram of coupling
Thus, the observation of two singlets for the N-bonded protons in the spectra of the 
compounds 41a-i excludes the occurrence of rapid exchange, but their broadness could 
be due to the incomplete decoupling from or to incipient exchange (as in Fig. 2.10b).
41
2 2.3.2 Effect of Varying Temperature, Concentration and 
Water Content on spectra of cyanoguanidines
Proton transfer may occur by dissociative or non-dissociative mechanisms. A dissociative 
mechanism for proton transfer involves the sequential gain and loss (or vice versa) of a 
proton via solvent with ion formation (Scheme 2.3).
x-H + y ' ^  x ' + + y ‘ X ' + H-Y
Scheme 2.3 - Dissociative mechanism for proton transfer
When water is present it is usually expected to be involved. Such proton transfers would 
be evidenced by the broadening, moving together and eventual coalesence of protic 
peaks in NMR spectra. In the present case the NH, NH2 and H2O peaks are distinct 
singlets and represent either a system which does not undergo exchange, or a system 
which is at incipient exchange (see above). If the latter, then the addition of water would 
be expected to accelerate proton exchange in such a system and enhance the 
broadening and coalescence.
With respect to concentration effects, spectra were recorded for 41b at concentrations 
from 0.056 to 0.28 mol dm‘  ^ at 25°C in dg-DMSO. The results (Table 2.3) show no 
significant variation of 5h with 41b concentration for any proton.
Spectra were also recorded for 41b, 41 e, 41 h in dg-DMSO containing amounts of water 
from 0.07 to 0.42 mol dm'  ^ at various temperatures from 25-125°C. Some results are 
summarised in Table 2.4 (for full Tables see Appendix I).
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Table 2.3 - chemical shifts (ppm) of 41b protons at different concentrations
at 25 °G in dg-DMSO
conc. / 
mol dm"3 NH ArH NH2 Methyl
0.056 8.93 7.17 6.90 2.25
0.11 8.94 7.17 6.90 2.25
0.17 8.94 7.17 6.91 2.26
0.22 8.94 7.17 6.91 2.25
0.28 8.93 7.17 6.90 2.25
Table 2.4 - ' H Chemical shifts (ppm) for compounds 41b, 41 e, 41 h at various [H2O] 
at 25 and 125 °C, in de-DMSO
compound
[H2O) 
mol dm
NH at 
25 °C
NH at 
125 °C
NH2 at 
25 °C
NH2 at 
125 °C
41b 0.07 8.94 8.57 6.90 6.43
41b 0.42 8.94 8.58 6.91 6.44
41 e 0.07 9.17 8.81 7.09 6.63
41 e 0.35 9.17 8.76 7.08 6.59
41 h 0.07 9.68 9.37" 7.35 6 .97b
41 h 0.35 9.70 9.34" 7.33 6 .97b
a at 95 °C; maximum temperature for which signals were clearly observed,
b at 105 °C; maximum temperature for which signals were clearly observed.
For the compounds, 41b, 41 e, 41 h, the NH, NH2 and H2O signals remain separate under 
these conditions of increasing temperature, concentration and water content, although all 
signals move upfield with increasing temperature, but even in this case there is no 
coalescence. At any given temperature (e.g. 25 or 125 °C in Table 2.4), addition of water 
causes no change in 5(NH), 5(NH2) or ô(H20 ) [Fig. 2.12]. This means that proton transfer 
is not occurring via water under these conditions.
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U
9.5 ' 9.0 8.5 8.6 f  5 ' 7.6 6.5 pp'
(a) 25 °C, [HgO] = 0.07 mol dm-3
9.5 9.0 8.5 8.0 7.5 7.0 6.5 pp
(b) 25 °C, [HgO] = 0.35 mol dm'^
9.5 9.0 8.5 8.0 7.5 7.0 6.5 pp
(0) 125 °C, [HgO] = 0.07 mol dm-3
9.5 9.0 8.5 8.0 7.5 7.0 6.5 pp
(d) 125 °C, [HgO] = 0.35 mol dm'^
Fig. 2.12 NMR spectra of 41e, [41 e] = 30 mg cm'^  at 25 and 125 °C and at 
[HgO] = 0.07 mol dm'^  and [HgO] = 0.35 mol dm'^ , in dg-DMSO
An upfield shift and peak broadening occurs with increasing temperature but there is no 
coalesence [Fig. 2.13]. The upfield shift is attributed to reduced hydrogen bonding 
between DMSO and the cyanoguanidine. In the plot the first spectrum is at 25 °C and the 
following ones are at ten degree intervals. The last spectrum is identical to the first i.e. at 
25 °C and shows that there is no permanent change resulting from increasing 
temperature.
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ppm
Fig. 2.13 Stacked plot of A/-(4-bromophenyl)-A/’-Gyanoguanidine 41 e at 0.13 mol dm'^
in de-DMSO
For the related amide (-NH-CO-) system the temperature induced shifts of ô(NH) have 
been quantified. Groups solvated by DMSO are typically found to have values of ca. 
4x10*  ^ ppm K'^  for Aô/AT.® Values of Aô/AT for 41b, 41e, 41 h in de-DMSO at various 
[H2O] are given in Table 2.5 and a plot of ô vs. T for the NH, NH2 shifts is shown in Fig. 
2.14. Clearly, the change for the NH, NH2 shifts is consistent with a DMSO solvation 
effect. Since chemical exchange has been excluded the temperature-induced peak 
broadening must be due to the attached quadrupolar ^^ N nucleus.^®
Table 2.5 - Variation of chemical shift with temperature for 41b, 41 e, 41 h in de-DMSO
containing various amounts of H2O
-(A8/AT) /10'® ppm K'^
compound [H2O] / mol dm'3 NH NH2
41b 0.07 3.7 4.7
41b 0.14 3.8 5.1
41b 0.21 3.7 5.0
41b 0.28 3.5 4.8
41b 0.34 3.3 4.3
41b 0.42 3.6 4.7
41 e 0.07 3.9 4.6
41 e 0.35 4.1 4.9
41 h 0.07 3.9 4.8
41 h 0.35 4.6 4.6
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Fig. 2.14 Plots of ô against T(°C) for the NH (— ) and NHg (— ) signals of compounds 
41b (■), 41 e (•), 41 h (A). [HgO] = 0.07 mol dm'^
Non-dissociative mechanisms do not involve the specific breaking and then formation of 
new X-H or Y-H bond with the intermediate unbound proton. Instead there is 
simultaneous bond formation and bond breaking. This can be represented as in Scheme 
2.4.
X-H + Y ^  X"' . . H- • • Y '^ ^  X' + HY
Scheme 2.4 - Non-dissociative mechanism for proton transfer
It is possible that the guanidines may undergo intramolecular proton transfer where a 
proton migrates from one nitrogen on one guanidine to another nitrogen on the same 
molecule. The formation of intramolecular hydrogen bonds or proton transfer is highly 
unlikely given the structure 38A adopted. Also it has been shown above that the linear
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temperature dependences of ô(NH) and 5(NH2) are consistent with solvent interaction 
rather than intramolecular interaction.®
Another possibility is inter-guanidine proton exchange, via a dimer, giving rise to 
tautomérisation. No evidence, in terms of variation of 8, of dimer formation is found in the 
NMR spectra for 41b at concentrations in the range 0.056 to 0.28 mol dm’® (Table 
2.3). Proton spectra of other compounds 41 were typically measured at -  0.1 mol dm’® 
and at increased concentration (~ 0.25 mol dm’®) again with no variation in 8.
As has been shown above no prototropic tautomérisation has been observed with these 
compounds. This may be due to the solvent DMSO and/or the nature of the compounds 
themselves. DMSO is known to have an extremely high affinity for water (is hygroscopic) 
and this may be the reason why no exchange with water is seen. The water is bound 
very closely through hydrogen bonding to the DMSO which is known to be an exchange 
inhib itor . I t  is interesting to note that the spectrum of /V-(4-chlorophenyl)-/V'- 
cyanoguanidine 41 d in CD3OD shows only the ring peaks. The NH and NH2 peaks are 
completely absent due to proton-deuteron exchange which occurs within a few minutes.
The inertness of these compounds with respect to proton transfer involving H2O, HsO"*" or
HO" may also be a reflection of their lack of basicity or acidity. Unlike strongly basic
guanidine which has a p/Cg for guanidinium of 13.6, guanidines with a single electron-
withdrawing group e.g. cyanoguanidine or nitroguanidine are much less basic with pKg
values for their guanidinium ions in the region of -0.9.^  ^ However, compounds in this
study have pKg values (for proton loss, see Chapter 4) in the range 11-13 in aqueous
solution. The unreactiveness of these compounds even though they are relatively acidic
Qcidiky ond increosinO
is again thought to be due to the DMSO which has the effect of reducing^/<a values for 
neutral acid (X-H) to anionic conjugate base (X'H^) equilibria by typically ~ 10 units.^®
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2.2.4 Structure - Electron distribution
2.2.4.1 13C Spectroscopic Assignments
The NMR spectrum of AZ-cyano-A/’-phenylguanidine 41c is shown in Fig. 2.15, with its 
DEPT spectrum in Fig. 2.16. For 41c the two quaternary signals at 159.52 and 117.24 
ppm were assigned to the imino (C=N) carbon and to the cyano (C=N) respectively. 
Imino signals are usually found in the range 147 to 166 ppm.^ "^  Cyano signals are 
typically in the range 114 to 125 ppm.''® A third quaj^ernary signal at 138.00 ppm was 
assigned to the ipso carbon (01) of the ring. The remaining signals are due to the 
aromatic carbons with attached protons (as shown by the DEPT spectrum, Fig. 2.16). Of 
these the one at 123.76 ppm is assigned to 04 {para) since it is approximately half the 
height of the other signals.
160 140 120 100 40 ppm
Fig. 2.15. ^^0 NMR spectrum of A/-cyano-A/’-phenylguanidine 41c in dg-DMSO
N C = N  CN
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160 140 120 100 80 60 40 ppm
Fig. 2.16 DEPT spectrum of A/-cyano-A/’-phenylguanidine 41c in de-DMSO
The two remaining signals represent two carbons each, the two ortho (C2/6) carbons 
being equivalent and likewise the two meta (C3/5) carbons. It is found that no group in 
the available data tables'*® causes a -7 ppm meta shift from the benzene signal at 128.5 
ppm (usually < 3 ppm) and so the peak at 121.32 ppm (-7 ppm from 128.5 ppm) is due to 
ortho (C2/6) carbons. Data for compounds 41a-i are given in Table 2.8 together with 
data for compounds 45-49 plus the monosodium salt of A/-cyano-A/’-phenylguanidine 50. 
All signals were assigned by comparison with 8c calculated, using 41c as a base, and 
using standard increments.^®
Compounds 41a-i are disubstituted benzenes where one substituent is the 
cyanoguanidine group. The incremental shift at a particular ring carbon for the 
cyanoguanidine group as a benzene substituent can be found by calculating the 
difference between the actual chemical shifts. Sc, and calculated values, ôcaic. according 
to the following formula
incremental shift = Sc-Scaic 
where Scale “  128.5 + Ax ppm
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where Ax is the sum of the effects of each group X at the position under consideration
and 128.5 is the base value for benzene. Values used for A for the variable substituent X 
can be found in Table 2.6^ ® and the results are shown in Table 2.7.
Table 2.6 " Incremental shifts (ppm) for aromatic carbons of monosubstituted
benzenes in DMSO.
Substituent i^pso ^ortho ^meta ^para
CH3O 31.0 -14.4 1.2 -7.9
CH3 9.0 0.6 -0.1 -3.0
H 0.0 0.0 0.0 0.0
Br® -6.2 3.1 2.0 -1.2
Cl 4.9 0.1 2.0 -1.2
CN" -16.0 3.8 1.1 4.7
NO2 19.5 -4.9 1.6 7.0
NHCOCH3 11.1 -9.9 0.2 -5.6
In acetone.
Table 2.7 - Increments (ppm) for the aromatic carbons of benzenes due to the 
cyanoguanidine (-NH-C(NH2)=NCN) substituent in DMSO 
calculated using data in Table 2.6 and Table 2.8
Carbon Aôq(± s.d.) n^
i^pso 9.6 ± 0.3 9
^ortho -8.0 ±1.4 11Ù
^meta 0.3 ± 0.5 116
^para -5.5 ±1.2 9
a Number of data points.
b Compounds 41f,g have two non-equivalent ortho and meta positions.
The incremental values found for the cyanoguanidine group closely resemble those for 
an amide group (last entry in Table 2.1). This reflects the similarity in their properties 
such as low basicity and lack of proton exchange and show that the NH lone pair has a 
greater mesomeric effect within the cyanoguanidine group than within the ring.
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Table 2.8 - Chemical Shifts of cyanoguanidines 41a-i, 45-49 in de-DMSO*
compound 01 02 03 04 05 06 07 08 OX
41a 130.57 124.80 114.02 156.17 114.02 124.08 159.83 117.58 55.23
41b 135.31 121.65 129.22 133.00 129.22 121.65 159.57 117.39 20.40
41c 137.98 121.32 128.80 123.76 128.80 121.32 159.52 117.24
41d 137.04 122.60 128.66 127.46 128.66 122.60 159.41 117.00
41 e 137.50 123.07 131.53 115.44 131.53 123.07 159.35 116.95
41f 139.64 120.43 133.00 123.24 130.38 119.42 159.56 116.63
41 g 139.48 114.65 147.69 117.65 130.72 126.82 159.35 116.60
41 h 142.73 120.17 133.13 104.75 133.13 120.17 159.22 116.43 119.02
41 i 144.79 119.65 124.84 141.96 124.84 119.65 159.13 116.26
45 143.31 127.29 129.76 127.52 129.76 127.29 160.94 117.98 39.78*
46 162.46 119.07 14.83^
36.64
47 138.66 126.99 127.15 128.36 127.15 126.99 161.27 118.16 44.09^
48 137.98 121.29 128.79 123.24 128.79 121.29 159.52 117.22
49 144.93 119.58 124.88 141.95 124.88 119.58 159.16 116.28
50* 150.36 128.03 122.33 118.67 122.33 128.03 159.97 123.49
Centre peak of DMSO septet set to 39.5 ppm 
for reference purposes.
• This methyl is on nitrogen at 01.
 ^ For methylene and methyl groups, 
t  For methylene group.
* The monosodium salt of A/-cyano-A/’- 
phenylguanidine was prepared by dissolution 
into methanol with one equivalent of sodium 
methoxide and then drying under reduced 
pressure.
NH
N—C=N
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2.2.4.2 "N  NMR Spectra
The proton-decoupled NMR spectra of compounds 41a-i are all of the same pattern 
and the shifts are given in Table 2.9. The spectra were assigned by comparison with that 
for A/-cyano-A/’-phenyiguanidine 41c whose assignments are known unambiguously from 
its proton coupled NMR spectrum and from spectra of the N1 enriched 
compound 48 as described previously (see NMR spectroscopy, section 2.2.2.S). The 
assignment of the N1 signal of the nitro compound 41 i was also unambiguous from 
comparison with the ®^N enriched analogue 49 (section 2.2.2.S).
Table 2.9 - ®^N Chemical shifts for A/-substituted A/’-cyanoguanidines in dg-DMSO^
chemical shift / ppm
X N1 N2 N3 N4 NX
41a 4-MeO -278.60 -298.26 -283.41 -189.29
41b 4-Me -276.90 -297.55 -281.98 -183.00
41c H -277.54 -298.55 -282.82 -184.55
41 d 4-CI -276.00 -295.97 -280.36 -182.00
41 e 4-Br -276.63 -295.75 -280.14 -181.76
41 f 3-CI -275.91 -295.34 -180.74
419 3-NO2 -275.85 -294.05 -278.67 -180.00 -10.59
41 h 4-CN -272.11 -293.07 -276.97 -179.67 -124.84
41 i 4 -NO2 -271.21 -292.05 -276.04 -179.03 -11.04
45** H -282.53 -295.81 -288.01 -184.95
49* 4 -NO2 -271.35* -292.04*
External reference of nitromethane 
N1 is enriched with ca. 10 atom% 
X = H , Me is at N1
NH
N—C = N  'ww^ .CN
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Amino groups (NH2) are known to exert a +M electronic effect and are able to donate the 
lone pair electrons of the nitrogen to an adjacent n system which results in deshielding of 
the nitrogen. Aryl substituents , as in anilines, have an effect on this delocalisation which 
is reflected in the nitrogen shift which has been reported to vary by ca. +25 ppm across 
the range of substituents (4 -CH3 to 4 -N02).^  ^ For anilines this donation is at a maximum 
when the amino group is coplanar to the ring i.e. when the nitrogen is sp^  hybridised, and 
falls to a minimum when steric factors remove coplanarity. The range for the twisted 
A/,A/,2,6-tetramethylaniline is ca. +12 ppm. For the cyanoguanidines 41a-i it can be seen 
that ÔN varies only over a small range (5-7 ppm) for each of the nitrogens. For N1 the 
range is ~6 ppm and shows that there is little mesomeric delocalisation of the lone pair 
into the aryl ring.
H HCN
Ar
A r \ C /
N
^ C N
Fig. 2.17 Diagrams showing n orbitals and delocalisation
Coupling constants give an indication of the degree of hybridisation. Typical ^^N-H 
coupling constants ( J^nh) are in the region of 75 Hz for pyramidal nitrogen, 90 Hz for 
trigonal nitrogen and 135 Hz for linear nitrogen.’'® For A/-cyano-/V-phenylguanidine ’'Jnh 
values are 89.5 and 90.25 Hz for NH and NH2, respectively. This means that these 
nitrogens are trigonal i.e. sp^  hybridised and that the nitrogen lone pairs are maximally
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delocalised towards the guanidine carbon. The result is the formation of a delocalised 
system of six n electrons, two lone pair electrons from each of N1and N2 along with two 
from the (formal) C=N3 n bond, over the same three atoms and about the guanidine 
carbon [Fig. 2.17]. This is sometimes referred to as ‘Y-delocalisation or ‘Y’-aromaticity.^® 
This delocalisation has been used to explain the planarity of guanidine and the 
guanidinium ion.’'^  Here it implies that the guanidine part of these compounds is planar in 
DMSO solution. Further evidence is the short almost equal bond distances between 
these nitrogens and the guanidine carbon in the solid state (see Chapter 3).
2.3 Conclusions
H^ and NMR studies show that in DMSO A/-aryl-A/’cyanoguanidines and A/-alkyl 
substituted cyanoguanidines adopt the form 38A where the formal C=N bond is toward 
the N bearing the cyano group. Prototropic tautomérisation in DMSO containing low 
concentrations of water does not occur (on the NMR timescale) even at elevated 
temperatures. This is ascribed to the high water affinity of DMSO, to the inherent low 
basicity of the cyanoguanidines and to the reduced acidity in DMSO. Cyanoguanidine- 
DMSO hydrogen bonding appears to be similar to that found for amides. The ®^C and '®N 
signals have been assigned and the variation in ôc and 8  ^with aryl substituent indicates 
relatively little conjugation between the aryl group and the lone pair of the adjacent N. 
The ®^C and *®N NMR evidence, including coupling constants, has been interpreted to 
imply a delocalised n electron system for the cyanoguanidine portion.
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2.4 Experimental
2.4.1 Synthesis
Analysis of product was by thin layer chromatography (Schleicher and Schuell, 
fluorescent indicator at 254 nm). The sample was spotted directly if liquid or dissolved in 
a solvent such as acetone or ethanol if solid. The eluant was typically a 1:2 hexane-ethyl 
acetate mixture.
Melting points were obtained using a Kopfler Micromelting point apparatus. All melting 
points recorded are uncorrected.
Infra-red spectra were recorded on a Perkin Elmer System 2000 FT-IR spectrometer with 
sodium chloride plates. Nujol or hexachlorobutadiene were used as mulling agents.
2.4.1.1 A/-aryl-Af’-cyanoguanidines 41
General Method
The method described here for the synthesis of N- aryl -A/’-cyanoguanidines 41a-h, 48 is 
a one step reaction modified from Turner.^
Sodium dicyanamide (Aldrich Chemical Co. Ltd., 98%, 1.0 g, 0.0112 mol) was dissolved 
in water (10 cm®). Monosubstituted aniline (0.0112 mol) and hydrochloric acid (1 mol 
dm’®, 10 cm®) were added and the mixture refluxed for 1 hour. The precipitate formed on 
cooling, was filtered and recrystallized from hot ethanol to purity by T.L.C. and constant 
melting point. Yields, m.p. and literature data are given in Table 2.1.
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Preparation of Af-cyano-AT-(4-nitrophenyl)guanidine 41 i
Sodium dicyanamide (1.0 g, 0.0112 mol), 4-nitroaniline (1.0 g, 0.0072 mol), hydrochloric 
acid (1 mol dm'®, 10 cm®) and acetone (15 cm®) were refluxed together for 76 h. The 
reaction mixture was then cooled and the precipitate collected by filtration. T.L.C. showed 
a mixture of two components. This yellow solid was dissolved in absolute ethanol and 
ethyl acetate (~ 1:1) before adsorption onto silica. The product (second fraction) was 
then isolated by column chromatography using chloroform/absolute ethanol (16:1) as the 
eluant.
2.4.1.2 enriched compounds
2.4.1.2a Preparation of —N enriched AZ-cvano-A/’-ohenvlauanidine 48
i) Nitration of benzene
Potassium nitrate (Aldrich Chemical Co., 14.4 atom % ®^N, 1.0 g, 0.0099 mol) was 
dissolved in water (1 cm®). Conc. H2SO4 (2 cm®) added dropwise with stirring and cooling 
in an ice/water bath. Benzene (1 cm®, 0.0112 mol) was added and the mixture was 
stirred for -  0.5 h at room temperature before warming over a water bath (T < 50°C) for 
0.5 h. The reaction mixture was cooled in ice and the product extracted into diethyl ether. 
This was then washed with water (4 x 25 cm® portions) before drying over anhydrous 
magnesium sulphate and filtration. The ether was then removed under reduced pressure 
to leave a yellow oil (0.29 g) which was used without further purification.
ii) Reduction of nitrobenzene to aniline
Conc. hydrochloric acid (1.4 cm®) was added dropwise, with stirring and cooling, to a 
mixture of tin powder (0.55 g, 0.005mol) and crude nitrobenzene (0.29 g) in a round-
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bottomed flask. Once all the acid was added the mixture was heated over a boiling water 
bath for h. After cooling in ice, sodium hydroxide solution (60g NaOH per 100 cm® 
water) was added until the precipitated tin salt redissolved. The aniline separated out as 
an orange oil which was extracted with ether (50 cm®). The ether layer was washed with 
water (25 cm®) then dried over sodium hydroxide pellets before concentration to give the 
aniline (0.20 g) as an oil which was used without further purification.
iii) Preparation of AZ-cyano-AT-phenylguanidine
Sodium dicyanamide (0.20 g, 0.0025 mol), water (2 cm®), hydrochloric acid (1 mol dm ®, 
2 cm®) and the crude aniline (0.195 g, 0.0021 mol) were refluxed for 1 h. After cooling the 
precipitated product was recrystallized from ethanol. Yield = 0.1 Og, 30% (5.5% from 
benzene). M.p. = 194-6 °C. Lit. m.p. = 196-7°C.'' The enrichment was estimated to 
be -10 % from the H-^ ®N satellite^ts NMR spectrum.
2.4.1.2b Preparation of —N enriched AZ-cvano-Ar-M-nitrophenyhauanidine 49 
1) Nitration of benzene
Potassium nitrate (Aldrich Chemical Co.,14.4 atom % ®^N, 5.210 g, 0.052 mol) was 
dissolved in water (30 cm )^. Conc. H2SO4 (35 cm®) was added dropwise with cooling and 
stirring. Benzene (6 cm®, 0.067 mol) was added and the mixture stirred for 1.5 h at room 
temperature before refluxing over water bath (T < 55°C) for 0.5 h. On cooling, extraction 
with ether yielded 2.26 g of product which was used without further purification.
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ii) Reduction of nitrobenzene to aniline
Using tin powder (3.25 g), crude nitrobenzene (2.26 g, 0.018 mol) and conc. hydrochloric 
acid (7.5 cm®) as above gave 1.80 g of crude product which was used without further 
purification.
iii) Preparation of acetanilide
Crude aniline (1.80 g, 0.019 mol) was dissolved in conc. hydrochloric acid (2 mol dm ®, 
15 cm®) and a solution of sodium acetate in water (13 g in 63cm®) was added in portions 
with cooling to 0°C. Acetic anhydride (13 cm®) was added to the cold stirred mixture and 
the reaction mixture was left to stir for -4  h before collection by filtration and drying of the 
precipitated solid. Crude yield = 1.04 g, 40 %. M.p. = 112-115®C. Lit value = 113- 
115°C.®°
iv) Nitration of acetanilide followed by hydrolysis to aniline
Glacial acetic acid (1 cm®) was added to the crude acetanilide (1.04 g, 0.0077 mol) and 
stirred before addition of conc. H2SO4 (2 cm®). A mixture of conc. H2SO4 (0.3 cm®) and 
conc. H N O 3  (0.5 cm®) was added dropwise with stirring and cooling . The reaction 
mixture was then stirred for 1 h at room temperature then poured into cold water. 
Sodium hydroxide solution (60 g/100 cm®) was added to precipitate out the product. This 
was collected by filtration, washed with water and then dried. Yield = 0.50 g, 47 %, M.p.= 
143-45°C. Lit. value = 148°C.®°
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v) Preparation of A/-cyano-AT-(4-nitrophenyl)guanidine
A/-cyano-A/’-(4-nitrophenyi)guanidine was synthesised by refluxing sodium dicyanamide 
(0.5 g, 0.0056 mol), 4-nitroaniline (0.50 g, 0.0036 mol, from part iv), water (5 cm®), 
hydrochloric acid (1 mol dm ®, 6 cm®) and acetone (7 cm®) together for 24 h. The 
precipitate formed on cooling was filtered and separated using preparative T.L.C. plates 
(Merck, silica gel 60, 2.5 mm thickness, 20 cm x 20 cm). The yellow solid was dissolved 
in acetonitrile for spotting and was eluted with 1:2 hexane and ethyl acetate. Yield = 
0.057 g, 8 % (0.5 % overall). M.p. = 242-243 °C.
2.4.1.3 Other compounds
2.4.1.3a Svnthesis of A/-cyano-A/’-ethvlauanidine 46
Ethylamine hydrochloride (Aldrich Chemical Co., 98%, 2.0 g, 0.025 mol), sodium 
dicyanamide (2.5 g, 0.028 mol), and 2-butanol (13 cm®) were refluxed together for 3 h. 
The mixture was then cooled and filtered. The filtrate was then treated with 1,4-dioxane 
to precipitate out white crystals. Crude yield = 4.3 g, 135% (retained trapped 
dioxane).The crystals were highly soluble in water (>4 g / 10 cm®) so the product was 
recrystallized from ethyl acetate-diethyl ether (1:1) before drying over NaOH pellets in a 
vacuum oven to give a solid of m.p. 74°C. Lit. m.p. = 71-72°C.® Yield = 1.65 g, 59 %.
2.4.1.3b Svnthesis of /V-benzvl-A/’-cyanoouanidine 47
Benzylamine (Aldrich Chemical Co., 99+%, 3.36 ml, 0.031 mol), conc. hydrochloric acid 
(2 cm®), water (2 cm®), 2-butanol (21.5 cm®) and sodium dicyanamide (2.05 g, 0.023 mol) 
were refluxed together for 22 h. Water (15 cm®) was added and the 2-butanol/water 
azeotrope (b.p. 92°C) was distilled off. On cooling the remaining material was treated
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with 2 mol dm ® sodium hydroxide (-5  cm®) and then 2 mol dm ® acetic acid (~5 cm®). 
The precipitated yellow solid was collected and recrystallized from hot water to give a 
white solid, 0.46 g, 9 %. m.p. = 110-112° C. (Lit. m.p. = 110-112° C).®
2.4.1.4 Svnthesis of AZ-cvano-A/’-methvl-A/’-phenylguanidine 45
Sodium dicyanamide (0.89 g, 0.01 mol), N-methylaniline (2.12 cm®) and water (6 cm®) 
were stirred and heated to 85° C. Hydrochloric acid (0.86 cm®) was dissolved in water 
(1.2 cm®) and then added dropwise to the stirred mixture. The resultant was then stirred, 
without further heating, until a semi-solid formed. Excess liquid was decanted off before 
recrystallisation of the semi-solid from hot ethanol to give white crystals. Yield = 0.354 g, 
20 %. M.p. = 139-41 °C. (Lit m.p. = 135-6°C).®
2.4.2 NMR Spectroscopy
All NMR work was carried out using a Bruker AC300E 300MHz pulsed FTNMR 
spectrometer. Proton work was carried using a 5 mm proton probe and for heteronuclear 
work a 10 mm multinuclear probe was used.
2.4.2.1 NMR Spectroscopy
The samples were prepared under a stream of nitrogen and the reference was TMS. All 
spectra were recorded at 300 MHz in de-DMSO at concentrations given in the 
results/discussion section (typically ca. 0.14 mol dm'®). The instrumental conditions were 
spectral width 4.5 kHz, data size 16 K, pulse width 2 ps and acquisition time 1.82 s. 
Temperature was set at 298 K, except for variable temperature work, where it was 
maintained by means of a heater controlled and calibrated by a thermocouple (precise to 
± 1 °C).
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2.4.2.1a -H NMR spectra of AZ-aryl-A/’-cyanoauanidines in de-DMSO containing
variable amounts of water
Six samples, each made up of 20 mg of A/-cyano-A/’-(4-methylphenyl)guanidine 41b, 0.8 
cm® de-DMSO (by syringe) and -20 pi of TMS, were prepared. The following amounts of 
water were then added via a 10 pi syringe
Sample No. Water added/pl [H2O] /mol dm ®
0 0 0.07
1 1 0.14
2 2 0.21
3 3 0.28
4 4 0.35
5 5 0.42
Spectra were recorded as above and temperature was fixed at 298K.
Residual water was estimated to be 0.07 mol dm ® by comparison of the water peak 
integral and the NH peak integral in the spectrum of sample 0 with an uncertainty of 
0.007 (± 10%). The variability in the weighed amounts was ±0.0005g (±2.5%) and that in 
the volumes of water added was estimated to be less than ±0.1 pi.
Solutions of A/-cyano-Ar-(4-bromophenyl)guanidine 41 e and A/-cyano-A/’-(4-bromophenyl) 
guanidine 41 h were prepared similarly except that 30 mg of cyanoguanidine was used 
per 1.0 cm ® of de-DMSO and only two experiments (0 pi and 5 pi water added) each 
were carried out.
2.4.2.1b Variable temperature experiments
Variable temperature experiments were carried out on each of the samples in 2.4.2.1a 
Temperature was raised from 25 to 125°C in 10° increments and then brought back 
down to 25 °C. On return to 25 °C the original spectrum was restored. The temperature 
was maintained using a heater regulated by a thermocouple (precise to ± 1 °C).
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2.4.2.1c Variable [guanidine] experiment
Five samples each made up of 1.0 cm® solvent and -20 pi of TMS were prepared. Then 
10, 20, 30, 40 and 50 mg of 41b were added respectively. Spectra were then obtained as 
described before.
2.4.2.2 NMR Spectroscopy
Samples were prepared by dissolving the compounds in -2  cm de-DMSO (approx. 0.26 
mol dm'®). A capillary tube containing nitromethane was used as the external reference. 
This was placed concentrically in the sample tube. No chromium salts were added.
All spectra were recorded at 30.42 MHz with temperature at 298 K. For proton-decoupled 
spectra two methods were employed. One was the standard ®^N acquisition in which a 
pulse width of 10 ps, acquisition time 0.541 s, data size 16 K, spectral width 15 kHz and 
relaxation delay of between 0 and 1.5 s was used with continuous decoupling. The other 
was an inverse-gated heteronuclear decoupling routine where proton-decoupling was 
used only during FID acquisition. This method, which was used in many cases to 
minimise the NOE, often led to very small imino nitrogen signals. Instrumental conditions 
were the same except a delay of between 9.5 and 24.5 s was inserted to allow for slower 
relaxations.
For proton coupled spectra typical instrument conditions were data size 32K, pulse width 
10 ps, spectral width 15 kHz, acquisition time 0.541s, and relaxation delay times of 
between 4.5 and 9.5 s. The same samples were used as for the decoupled spectra with 
the same nitromethane reference and at 298 K.
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2.4.2.3 NMR Spectroscopy
Carbon spectra were record at 298 K using the same samples as prepared for the 
spectra. The nitromethane capillary was removed and the chemical shift of the central 
peak in the de-DMSO multiplet was set to 39.5 ppm for reference purposes. Both and 
DEPT 135 experiments were carried out on each sample. Typical operating conditions at 
75.47 MHz were data size 32 K, spectral width 22.7 kHz, pulse width 3 ps, delay time 
0.28 s and acquisition time 0.72 s.
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Chapter 
Three
Solid State Structure
66
3.1 Introduction
The solution state structure of AZ-aryl-AT-cyanoguanidines was examined in Chapter 2 
and in this section crystal structures of selected substituted cyanoguanidines will be 
shown and discussed. Generally, it is expected that for small molecules there will be little 
difference between solution and solid state structures, although in solution a molecule 
may have more freedom of orientation in terms of rotation about bonds and spatial 
arrangement of groups than in a solid. Tautomerism which may occur in solution may not 
be as readily observed in the solid.
As already stated in the Introduction chapter, the solid state structures of both guanidine  ^
(as guanidinium chloride) and cyanoguanidine®’® have been shown to be essentially 
planar around the central carbon and to have almost equivalent carbon-nitrogen bonds 
around the central carbon.
So far no information as to the solid state structure of A/-aryl-A/’-cyanoguanidines has 
been found in the literature and still less about related methylated compounds (prepared 
as in Chapter 4). In this section the crystal structures of A/-cyano-A/’-(4- 
methoxyphenyl)guanidine 41a, A/-cyano-A/’-(4-methoxyphenyl)-A/’-methylguanidine 52a 
and A/-(4-chlorophenyl)-A/’-cyano-A/,A/”,A/”-trimethylguanidine 66d are discussed.
H2N^ HzN
^C =N  CN C = N -------CN
H3CO ^  NH H3CO----- ^ 3 ) -----
41a 52a
(H3C)2N^
y := N — CN 
Cl ( ^ )  NCH3
68d
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3.2 Crystal Structures
The crystal structures of the three substituted cyanoguanidines 41a, 52a, 66d are 
shown. A summary of pertinent data is included with each molecule but the complete 
data for each crystal may be found in Appendix II.
In general AZ-aryl-AT-cyanoguanidines are soluble in polar solvents such as ethanol, 
DMSO, acetone and insoluble in less polar solvents such chloroform, hexane, ether 
(although methylated compounds are found to be increasingly soluble in some of the 
less polar solvents). They are insoluble in water and those which are solid have melting 
points in the range 191 - 243 ° depending on the substitution. These compounds are all 
stable under normal conditions and may be stored without apparent deterioration (NMR, 
T.L.C) indefinitely.
The three compounds 41a, 52a, 66d were selected because they formed crystals 
readily. A/-cyano-A/’-(4-methoxyphenyl)guanidine 41a and A/-cyano-A/’-(4- 
methoxyphenyl)-A/’-methylguanidine 52a were recrystallised from ethanol while A/-(4- 
chlorophenyl)-A/’-cyano-A/,A/”,A/”-trimethylguanidine SSd was recrystallised from a mixture 
of chloroform and hexane.
The system of numbering atoms in a molecule is arbitrary and individual to each 
compound.
3.2.1 A/-cyano-Af’-(4-methoxyphenyl)guanidine 41a
A/-cyano-A/’-(4-methoxyphenyl)guanidine 41a was prepared using the method given in 
section 2.4.1.1.
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Crystal Data” : Triclinic, space group P1, a = 6.904(3) A, b = 8.431(3) A, c = 9.555(6) A, 
a = 111.21 (0.04)°, p = 92.02 (0.04)°, y = 107.74 (0.04)°, Z = 2, V = 487.2 (1.1) A^ Dcaic
= 1.294gcm ^F(000) = 200.
Table 3.1 - Selected bond lengths 
Atoms Length/A
N1-C1
N2-C1
N3-C1
N3-C2
C2-N4
1.328(3)
1.317(3)
1.342(3)
1.314(3)
1.142(3)
Table 3.2 - Selected torsion angles
Atoms Angle/®
N2-C1-N3-C2 2.8
N2-C1-N1-C11 -1.3
N1-C1-N3-C2 -177.6
G1-N1-C11-C16 57.1
C1-N1-C11-012 -127.9
Table 3.3 - Selected bond angles
Atoms Angle/'
N1-C1-N2 121.0
N1-C1-N3 114.5
N2-G1-N3 124.6
G1-N1-G11 127.9
G1-N1-H1 117.2
G11-N1-H1 115
G1-N2-H2A 125
G1-N2-H2B 122
H2A-N2-H2B 112
N3-G2-N4 173.5
The crystal structure of 41a is shown in Fig.3.1. The first thing to note is the location of 
protons on the nitrogen atoms; these protons, found in the final refinement, were refined 
isotropically. There is one NH and one NH2 group arranged with the NH group adjacent 
to the aryl group. The C=N bond is directed towards the cyano group. The molecule has 
therefore adopted the same tautomeric form in the solid state as in solution state.
*  Cell dimensions are given by a, b, c and cell angles are given by a, p, y. Z is the number of molecules per 
unit cell. V  is volume. Dcaicis the calculated density. Values in parentheses are estimated standard errors.
69
Fig. 3.1 - Crystal structure of/V-cyano-/V-(4-methoxyphenyl)guanidine 41a
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Fig. 3.2 - Packing diagram of A/-cyano-A/’-(4-methoxypheny!)guanidine 41a
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The C-N bonds about C1 are of intermediate length being too short to be purely single 
bond (1.47 A, typical M-Cspsf and too long to be purely double bond (1.38 A, typical 
N=Csp2) in character. The sum of the bond angles around Cl is 359.8 ° and the sums of 
those about N1 and N2 are 360.1 and 362.2 ° respectively, consistent with these atoms 
being sp  ^hybridised and with the guanidine part of the molecule being planar.
Torsion angles are further evidence for this planarity. Those centred around the 
guanidine system (Table 3.2) are close to 0 or 180 ° showing it is planar. The aryl ring 
and its substituent are in the same plane but the molecule as a whole is not planar. The 
torsion angle C1-N1-C11-C16 shows that the plane of the ring and the plane of the 
guanidine system are twisted 57.1 ° with respect to each other indicating that resonance 
between the aryl ring and the guanidine system is unimportant in the solid state as it 
appears to be in solution state.
In the crystal structure molecules are packed in a ‘head to tail’ manner such that the aryl 
group of one molecule is above the guanidine part of another and vice versa [Fig. 3.2]. 
This is due to the presence of hydrogen bonding between the molecules, likely hydrogen 
bonding interactions are shown in Fig 3.2.
As expected the geometry about the C=N (C1-N3) bond is E  with the smaller NH2 
(relative to ArNH-) cis to the C=N group. The geometry about the N1-C1 partial double 
bond is can also be described as E; this is surprising since the aryl group is cis to the 
NH2 group rather than the more ‘compact’ =N-CN (N3-C2-N4) [Fig. 3.3]. Any steric 
interactions present can be relieved by twisting of the aryl group and the distortion of the 
N-H2b bond. This arrangement of groups probably results in a more linear conformation 
which allows for more effective packing in the crystal. Also it suggests that intermolecular
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interactions (hydrogen bonding and packing) may be more important than intramolecular 
interactions.
y C N  CN
>-/ V/
H NH2 A r^  ^NH2
Fig. 3.3 Isomerism about N1-C1 bond
3.2.2 Af-cyano-Af’-(4-methoxyphenyl)-A/’-methylguanidine 52a
This compound was examined to assess the effect of A/-methylation on the solid state 
structure. It was prepared by deprotonation of A/-cyano-A/’-(4-methoxyphenyl)guanidine 
41a with sodium ethoxide in ethanol (1 equivalent) followed by addition of methyl iodide 
(1 equivalent) at room temperature. Full characterisation data is given in Chapter 4.
Crystal Data : Triclinic, space group P1, a = 9.807(2) A, b = 10.483(4) A, c = 12.040(2) 
A, a = 70.015 (0.02)°, p = 68.30 (0.17)°, y = 69.68 (0.25)°, Z = 4, V = 1046.3 (0.5) 
Dcaic = 1.296 g cm'^ F(000) = 432.
The asymmetric unit was found to contain two molecules which are arranged ‘head to 
tail’ as shown in Fig. 3.4. The geometric parameters are almost identical for both 
molecules and data is shown for only one in Tables 3.4-3.6.
Table 3.4 - Selected bond lengths
Atoms Length/A
N11-C10 1.341
N12-C10 1.333
N13-C10 1.321
N13-C19 1.306
C19-N14 1.152
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N24
C27
C18
Fig. 3.4 - Diagram of the asymmetric unit of
A/-cyano-A/’-{4-methoxyphenyi)-A/’-methyiguanidine 52a
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Table 3.5 - Selected bond angles Table 3.6 - Selected torsion angles
Atoms Angle/® Atoms Angle/®
N11-C10-N12 118.6 C19-N13-C10-N11 171.4
N11-C10-N13 117.1 C19-N13-C10-N12 -7.8
N12-C10-N13 124.2 N12-C10-N11-C11 -4.6
N13-C19-N14 172.7 N12-C10-N11-C18 -179.8
C10-N11-C11 122.1 C10-N11-C11-C12 -96.2
C10-N11-C18 120.5 C10-N11-C11-C16 87.9
G11-N11-C18 117.2 C18-N11-C11-C12 79.2
C10-N12-H n12A 122
C10-N12-H n12B 117
Hn12A-N12-Hn12B 119
The sums of bond angles around C10, N11 and N12 are 359.8, 359.8 and 358 ° 
respectively and the C-N bonds about 010 are of intermediate length both supporting a 
planar guanidine system. With 52a the torsion angle data show that the planar ring 
system is twisted with respect to the plane of the guanidine system by about 88 °. The 
greater tilt is probably due to the steric influence of the A/-methyl group. Again the 
tautomer adopted is the amino form and the geometry is E. The X-ray structure confirms 
that the methyl group is on the nitrogen bearing the aryl group (this could not be clearly 
determined from the method of preparation or from NMR data). As with the previous 
molecule the stereochemistry about the N-C partial double bond where the aryl group is 
joined to the guanidine group places the aryl group cis to the NMe .
3.2.3 A/-(4-chlorophenyl)-^’-cyano-A/,Af”,Ar’-trimethylguanidine 66d
Whilst the non-methylated and monomethyl compounds crystallised easily this was one 
of only two trimethyl compounds to crystallise at all. A/-(4-Chlorophenyl)-A/’-cyano- 
A/,A/”,A/”-trimethylguanidine SSd was prepared using the method given in 4.5.2.1. Its 
crystal structure is shown in Fig. 3.5 and a packing diagram is shown in Fig. 3.6.
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Fig. 3.5 - Crystal structure of /V-(4-chlorophenyl)-A/’-cyano-A/,Ar,A/"-trimethylguanidine 66d
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Fig. 3.6 - Packing diagram for A/-(4-chiorophenyi)-A/’-cyano-/\/,Ar,A/”-trimethyiguanidine 66d
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Crystal Data : Orthorhombic, space group P2i2i2i, a = 6.187(5) A, b = 13.362(3) A, c 
14.165(4) A, Z = 4, V = 1171.0 (1.4) Dcaic = 1.341 g cm'^ F(000) = 496.
Table 3.7 - Selected bond lengths
Atoms Length/A
N1-C8 1.375
N2-C8 . 1.323
N3-C8 1.325
N3-C11 1.324
C11-N4 1.149
Table 3.8 - Selected bond angles Table 3.9 - Selected torsion angles
Atoms Angle/® Atoms Angle/®
N1-C8-N2 118.9 C5-C4-N1-C8 162.0
N1-C8-N3 123.4 C5-C4-N1-C7 -20.6
N2-C8-N3 117.6 C3-C4-N1-C8 -20.1
C4-N1-C7 118.1 C4-N1-C8-N2 -49.0
C4-N1-C8 122.5 C4-N1-C8-N3 132.5
C7-N1-C8 119.3 N1-C8-N3-C11 167.3
C8-N2-C9 124.4 N1-C8-N2-C9 -19.8
C8-N2-C10 119.7 N1-C8-N2-C10 170.1
C9-N2-C10 115.2 N3-C8-N2-C9 158.9
C8-N3-C11 120.7 N3-C8-N2-C10 -11.2
N3-C11-N4 173.3 N3-C8-N1-C7 -44.9
Although this molecule is analogous to A/-cyano-A/’-(4-methoxyphenyl)guanidine 41a and 
A/-cyano-A/’-(4-methoxyphenyl)-A/’-methylguanidine 52a it adopts a different structure. 
Unlike the previous molecules the guanidine system is not planar, for although the sums 
of bond angles about C8, N1 and N2 are 359.9, 359.9 and 359.3 °, respectively, the 
ArNMe- group, which is essentially planar, is twisted by about 47 ° relative to the 
(NMe2)C:NCN portion of the molecule which is also planar. The bond lengths N2-C8 and
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N3-C8 are approximately equal (1.323 and 1.325 A) but the bond length of N1-C8 is 
significantly longer at 1.372 A. This difference in length may be attributed to a reduction 
in double bond character of the N1-C8 bond as the result of poor overlap of p orbitals 
caused by the tilt of the ArNMe- group relative to the plane of (NMe2)C:NCN [Fig. 3.7].
-----N CNAr
Me
Fig. 3.7 - Diagram to show the relative positions of selected p orbitals
The 09 and CIO methyl groups are not quite in the same plane as the guanidine system 
being out of plane by about 20 °.
3.3 Discussion
The three molecules shown have several features in common. The aryl group is not co- 
planar with the guanidine system; this is evidence that structures in which there is 
resonance between the two systems are not important. In cyanoguanidine all the atoms, 
hydrogens included, may be regarded as being in the same plane.^
The cyano group bond lengths are longer than usual (1.14 A in HCN' )^ in all cases but 
about the same as that for cyanoguanidine (1.169 A)  ^and the N-C=N is not quite linear, 
having an angle of about 174 °.
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For each compound the carbon-nitrogen bonds in the guanidine portion of the molecule 
are of intermediate length between pure single and pure double bonds. This is consistent 
with a degree of delocalisation of n electron density over these bonds.
A/-cyano-A/’-(4-methoxyphenyl)guanidine 41a and A/-cyano-A/’-(4-methoxyphenyl)-A/’- 
methylguanidine 52a each have planar guanidine systems like those found in 
cyanoguanidine and the guanidinium ion. However, the guanidine portion of N-{4- 
chlorophenyl)-A/’-cyano-A/,A/”,A/”-trimethylguanidine 66d is not planar at the nitrogen at 
which the aryl group is attached. It-ie may be that departure from planarity increases as 
the protons of cyanoguanidine are substituted* and the fact that the highly substituted 
compound 66d has the least planar structure suggests a steric cause where the 
substituents are arranged such that steric interactions between them are a minimum 
despite the result that this arrangement may lead to disruption of electron delocalisation. 
Of course, the structure found may be adopted due to restrictions in packing of the 
crystal, again with the disruption of delocalisation.
Whatever the reason for the loss of planarity the restricted rotation gives rises to chirality 
and the molecules pack in the chiral space group P2i2i2-,. The chirality is in the sense 
that one molecule may not be superimposed on to its mirror image but this is not due to 
the presence of any asymmetric centres. This is interesting since none of the processes 
leading to the isolation of the crystal are in any way enantioselective. It must be stressed 
that the crystal for which this data was accumulated contains molecules of only one-hand 
(homochiral) but other crystals may contain molecules of the other hand so it is not 
implied that all molecules are of the same hand.
Preliminary inspection of single crystal X-ray data for A/-(4-chlorophenyl)-A/’-cyano-A/,A/”-dimethylguanidine 
60d shows that it too belongs to a chiral space group P2i2i2.
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In the present case chirality arises due to restricted rotation about the N1-C8 bond. 
When viewed from one end it may be seen that there is a chiral axis passing along the 
length of this bond [Fig. 3.8] with four different groups in the four available positions.®’® 
By assigning the priority of each group using Cahn, Ingold, Prelog  ^ rules it possible to 
specify the absolute configuration of the molecule. As drawn in Fig. 3.5 the molecule is 
R, however it has not been possible to completely exclude the S configuration using the 
crystal data.
view along length Ar .NCN Ar
o f N-C bond \  NON...... X
"  ^  "NMe:
Me n Mg2
R
* V  n o n
 ^ M e
Fig. 3.8 - Chirality of A/-(4-chlorophenyl)-A/’-cyano-A/,A/”,A/”-trimethylguanidine 66d
Atropisomerism is a special type of isomerism where there is loss of molecular symmetry 
either due to sterically restricted rotation around a single bond or to crystal forces limiting 
the possible conformations.® In either case a chiral axis results. A commonly cited 
example of atropisomerism due to steric factors is that of ortho substituted biphenyls 
[Fig. 3.9].® When there is no substitution i.e. biphenyl, conjugation of the benzene rings 
along the inter-ring bond results in them occupying the same plane so that the molecule 
is symmetrical [Fig. 3.9a]. The introduction of the bulky ortho groups such as carboxyl 
twists the rings away from co-planarity and limits this rotation to such an extent that it is 
difficult for the symmetric form (about an axis of symmetry) [Fig. 3.9b] to be adopted and 
the twisted form is the more stable [Fig. 3.9c].
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axes of symmetry-
ideal conformation - planar
coqH
HOOC
ideal conformation - planar with a 
single axis o f symmetry
COOH
HOOC chiral axis
steric interactions result in twisted 
molecule and loss of symmetry
Fig. 3.9 - Chirality of ortho substituted biphenyl
82
It has been known since 1854 that certain achiral molecules can crystallise in 
enantiomeric forms which exhibit optical activity in the crystal state®, although it is more 
usual for such molecules to pack together in enantiomeric pairs so that there is no 
optical activity. A/-(4-Chlorophenyl)-A/’-cyano-A/,A/”,A/”-trimethylguanidine 66d is found in 
only one enantiomeric form in the crystal studied and might therefore be expected to 
show optical activity although it may be difficult to observe due rapid interconversion 
ofconformers once in solution. There are two possible reasons as to how the chiral 
crystals might have arisen. One is the selection of crystals of one chiral form from a 
conglomerate, that is a group of crystals which are, individually homochiral, but overall of 
mixed chirality. The other is total spontaneous resolution of all the sample to one chiral 
form. Such resolution is only really likely where there is rapid interconversion between 
enantiomers and crystallisation is slow allowing deposition of only one chiral form. The 
loss of co-planarity and hence the chirality of A/-(4-chlorophenyl)-A/’-cyano-A/,A/”,A/”- 
trimethylguanidine 66d may have arisen due to either steric factors or to crystal forces 
and it is unclear which of these apply. If it is due to steric factors then it may be possible 
to observe optical rotation on dissolution (providing any interconversion is slow).
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3.4 Experimental
All the single crystal X-ray structures were determined using the SDP-Plus Version 1.1a 
suite of programs on a DEC POP 11/73 computer. For each crystal the unit cell 
dimensions were determined by least-squares refinement of a set of 25 reflections. All 
data was collected at room temperature. Graphite-monochromated Mo-K„ radiation was 
used, X = 0.71073 A. Non-hydrogen atoms were anisotropically refined . Hydrogen 
atoms were included in the atoms list in geometrically calculated positions, except where 
indicated otherwise.
3.4.1 A/-cyano-A/’-(4-methoxyphenyl)guanidine 41a
Size of crystal measured = 0.5 mm x 0.3 mm x 0.2 mm 
p(Mo-Ka) = 0.85 cm'^
The intensity data were collected on an Enraf-Nonius CAD4 four-circle diffractometer in a 
CO-20 mode in the range 1 - 26 ® covering index range 0 < h < 8, -10 < k < 10, -11 < I <
11. Of the 2075 reflections collected 1340 had I > 3ct (I) and were considered to be 
observed.
Final refinement statistics, R = 0.058, coR = 0.076 and 8 = 1.026.
3.4.2 A/-cyano-A/’-(4-methoxyphenyl)-Af’-methylguanidine 52a
Size of crystal measured = 0.6 mm x 0.2 mm x 0.2 mm. 
p(Mo-K„) = 0.83 cm'^
The intensity data were collected on an Enraf-Nonius CAD4 four-circle diffractometer in a 
CO-20 mode in the range 1 - 26 ° covering index range 0 < h < 12, -12 < k < 12, -14 < I < 
14. Of the 4344 reflections collected 3319 had I > 3a (I) and were considered to be 
observed.
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Final refinement statistics, R = 0.045, coR = 0.069 and S = 1.061.
3.4.3 Af-(4-chlorophenyl)-A/’-cyano-^ ,^ ’,Ar’-trimethylguanidine 66d
p(Mo-KJ = 3.02 cm'^
The intensity data were collected on an Enraf-Nonius CAD4 four-circle diffractometer in a 
(0-28 mode in the range 1 - 26 ® covering index range 0 < h < 7, 0 < k < 16, 0  ^ I < 17. 
Of the 1351 reflections collected 825 had I ^ 3a (I) and were considered to be observed. 
Final refinement statistics, R = 0.044, coR = 0.045 and S = 1.085.
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Chapter 
Four
Acidity and Alkylation
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4.1 Introduction
In this final chapter some of the acid/base properties of A/-aryl-A/’-cyanoguanidines will 
be discussed.
HzN H2N HjN
C = N  H ^ C = N ----- CN ^ C = N ------ NO2
H2N H2N^ H2N'^
Guanidine 1 Cyanoguanidine 3 Nitroguanidine 6
pKa = 13.6* pKa = -0.85* pKa = -0.98*
Guanidine is highly basic, the guanidinium sulphate having a pKg of 13.6 in water.*  ^
Cyanoguanidine and other guanidines with a single electron-withdrawing group are much 
less basic. The pKg of cyanoguanidinium is -0.85 and for nitroguanidinium it is -0.98.’' 
The insertion of methyl groups into the molecule does not greatly affect the pK^ ; for 
guanidinium salts the pKg values for all the possible methyl substituted compounds have 
been measured and are found to vary over only half a unit from 13.4 to 13.9.^ Thus the 
introduction of a strongly electron-withdrawing group greatly reduces the basicity of 
guanidines but the introduction of methyl groups has little effect. This high basicity for 
guanidine is attributed to the structure of the guanidinium ion which has been explained 
in terms of ‘Y’-delocalisation or 'Y'-aromaticity®'*'® and also in terms of resonance 
theory.®
H2N H2K  HzN
NH2 ------► 0 — NH2  ► 0 NH2
H 2N  H 2N ^  H 2N
Fig. 4.1 Resonance structures of the guanidinium ion
The p/<a values refer to the protonated (guanidinium) forms but it is simpler to draw the unprotonated since 
the site of protonation is often unclear.
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The presence of strongly electron-withdrawing groups raises the possibility of guanidine 
acidity (with respect to loss of proton). The pK^  values for proton loss have been 
determined for a series of N-substituted A/’-nitroguanidines and are found to be in the 
range 10.5 to 12.5.^ The relatively high acidity is due to delocalisation of the anion; in this 
respect they are similar to amides which can also be resonance stabilized.
In this section the aim is to determine the pK^  values of the compounds 41a-i and 45 and 
to deduce the site at which deprotonation occurs.
N CN
41; R = H; X = 4-MeO, 4-Me, H, 4-CI, 4-Br, 
3-CI, 3-NO 2, 4-CN, 4-NO2
45; R = Me; X = H
4.2 Acidity of ^-substituted AT-cyanoguanidines
4.2.1 Determination of pKg
Several methods may be used to determine pKg values including potentiometric titration 
and UV absorbance measurements. For weak acids where dissociation is slight 
potentiometric titrations are not a suitable method since large changes in dissociation 
over a small pH range are required. The pK^  values of compounds 41a-i and 45 have 
been determined graphically from plots of UV absorbance vs. pH. The values found are 
listed in Table 4.1 and a typical curve is shown in Fig. 4.2.
Once the sample solutions were made up the absorbances were measured directly. No 
delay was required for the new spectra of the compounds to become established, nor 
was there any further shift in the absorption peaks on standing for up to 30 min.
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4.2.2 Results and Discussion
The pKa values found (10.9 to 12.7) indicate that these compounds are relatively acidic, 
even more so than formamides and acetamides®; indeed they are similar in acidity to 
phenols.® Similar compounds where the cyano group is replaced by a nitro group have 
pKq values in the range 10.5-12.5.^
274.1 nm
#  285.5 nm
0.9 -
Sc
I
0.8 -
0.6 -
0.5 -
0.4
8 9 10 11 12 13 14
pH
Fig. 4.2 Typical plot of absorbance vs. pH. This is for A/-cyano-A/’-(4-cyanophenyl)guanidine 
41 h at 274.1 nm and 285.5 nm at different pH at 25 °C in aq. buffer/ethanol.
Table 4.1 pKg Values for A/-substituted-A/’-cyanoguanidines 41a-i and 45
in aqueous solution.
compound substituent
41a 4-CH3O 12.7 -0.28
41b 4-CH3 12.6 -0.13
41c H 12.0 0.0
41 d 4-CI 12.0 0.24
41 e 4-Br 11.9 0.27
41 f 3-CI 11.7 0.37
419 3-NO2 11.3 0.71
41 h 4-CN 11.2 1.0(0.70)
411 4 -NO2 10.9 1.27(0.81)
45 N-CH3 a
a - Not observed below pH 14. 
b - Reference 10.
t  - The precision of these measurements is estimated to be ± 0 .1  pK^ units 
(except for 41a,b where it is ± 0.3).
90
The trend in Table 4.1 is that pKg decreases as the electron-withdrawing effect of the 
substituent group increases.
12.2 _
11.8  -
11.6  - -
2Q.
11.4 -
11 -
10.8
0 0.2 0.4 0.6 0.8 1 1.2 1.4
sigma minus 
Fig. 4.3 Hammeftplot of pK^  vs. ctx’
A Hammettplot of pKg vs. ox" (Ref. 10) is linear (r = 0.98 ; slope = -0.94) and confirms 
this observation [Fig. 4.3]. It is of interest that there is a poorer correlation between pKg 
values and oy (r = 0.96, slope(-p) = -1.39).
The term p is the reaction constant and is a measure of the sensitivity of the reaction to 
electronic substituent effects. When p is positive it means that for an acid-anion 
equilibrium electron-donating groups decrease the extent of dissociation, while electron- 
withdrawing groups increase it. If p is positive then the reaction is accelerated by 
electron-withdrawing substituents and slowed by electron-donating substituents. If it is 
positive for an equilibrium then electron-withdrawing substituents favour the right-hand 
side of the equation defining K for the equilibrium. It should be noted that the p value in 
this case is the negative of the measured slope since pKg has been plotted against o' 
directly.
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The value of p for nitroguanidines is +1.9 and it has been suggested that this is a 
reflection of the situation when the site of deprotonation is easily modified by the electron 
attracting or withdrawing nature of the adjacent ring substituent. Thus, with a p value of 
+0.94 it seems the site of deprotonation in cyanoguanidines is less susceptible to the 
effects of the ring substituent than corresponding nitroguanidines. The relative acidity of 
the cyanoguanidines is an indication of the ease of charge deformation at the 
deprotonation site and of the charge stabilising ability of the guanidine group.
The enhanced substituent constant o' is used when it is known that the substituent has a
-R effect. Here the correlation with a suggests that through resonance from the nitrogen 
into the ring occurs i.e. a in Fig. 4.4 does occur, however, the low value. oF p  saggcskS 
that resonance in sense b must be as important.
NH2 q  NHz
 C = N  CN  Î J ^ C = ^ N ------CN
O
Fig. 44 Delocalisation of charge
For nitroguanidines^ (where the cyano group is replaced by a nitro group) pKg values (in 
aqueous solution) were found to be smaller in magnitude per substituent by about 2 
units. The range of pKg values for cyanoguanidines is narrow being less than 2 units but 
for nitroguanidines it is 2-3 units.  ^ From Table 4.2 it can be seen the larger pKg values
* In reference 7 correlation is with a ,  but closer examination of the data shows that this is speculative; only 
one resonance acceptor substituent is used (cyano) and the overall scatter is such that correlation with a  
seems just as good.
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for the cyanoguanidines reflects the lesser inductive/resonance effect of the cyano group 
compared to the nitro group.
Table 4.2 Comparison of p/Cg values (loss of proton from neutral molecule) of 
A/-substituted cyanoguanidines and nitroguanidines
Substituent
PJ
Cyanoguanidine Nitroguanidine
H N/A 12.80^^
4-methoxyphenyl 12.7 10.70
4-methylphenyl 12.6 10.85
phenyl 12.0 10.50
4-chlorophenyl 12.0 9.70
4-cyanophenyl 11.2 8.60
The logical site for deprotonation is at the nitrogen adjacent to the aryl group, Ar-NH-, 
since the aryl substituent will aid the loss of the proton through its ability to attract or 
repel electrons i.e. to stabilise the charge. That this is reasonable is confirmed by the pKg 
of greater than 14 for 45, where the proton has been replaced by a methyl group; if 
deprotonation were to take place at the NH2 group then pKg values for 41c and 45 would 
be expected to be similar.
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4.3 Alkylation
Alkylcyanoguanidines are usually prepared from suitably substituted starting materials 
and may be synthesised in a number of ways. Most of the methods given in the 
Introduction for the synthesis of arylcyanoguanidines are applicable. However not much 
is known about the direct alkylation of cyanoguanidine
Alkylation of guanidines by simple alkyl halides"'^  often leads to a mixture of products so 
the usual route to alkyl guanidines is to make them directly form alkyl substituted starting 
materials.^^
The relative ease of deprotonation shown above suggests an alternative method to 
alkylarylcyanoguanidines.
4.3.1 Results and Discussion
4.3.1.1 Products of méthylation
Reaction of 41a-d and 41 g with 1.2 equivalents of n-butyl lithium in THF/hexane followed 
by 10 equivalents of methyl iodide gave, after 24 h, reaction mixtures which showed (by 
T.L.C.) in addition to unreacted starting material, up to four reaction products in each 
case. Elemental analysis (or mass spectral analysis) (Table 4.3) and NMR showed 
these products to be (in order of decreasing Rf on T.L.C.) a decomposition product, a 
trimethylated cyanoguanidine, a dimethylated cyanoguanidine and a monomethylated 
cyanoguanidine. The immediate feature to note is the isolation of only one isomer of 
each of the possible methylated species in each case.
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Table 4.3 - Analysis of compounds 51, 52, 60 and 66 a-d, g
Cpd. X
Calc %
C H N
Found %
C H N
M
found
A/-aryl-A/-methylcyanami( es
51a 4 -CH3O 66.65 6.21 17.27 66.64 6.17 17.20 57-8
51b 4-CH3 (P
51c H 9
51d 4-CI 57.67 4.23 16.81 57.75 4.05 16.78 79-80
51 g 3-NO2 calc, mass = 177.0538 found mass = 177.0580 #
M*+ = 177, 100%
monomethylated compounds
52a 4-CH3O 58.81 5.92 27.43 58.75 5.90 27.11 187-9
52b 4 -CH3 63.81 6.42 29.76 63.83 6.42 29.41 135-7
52c H 62.05 5.79 32.16 61.84 5.62 31.76 136-8
52d 4-CI 51.81 4.34 26.85 51.42 4.16 26.41 171-3
52g 3-NO2 calc, mass = 219.0756 found mass = 219.0743 212-5
M*+ = 219, 91 %
dimethylated compounds
60a 4 -CH3O calc, mass = 218.1168 found mass = 218.1130 135-7
M«+ = 218, 35%
60b 4-CH3 65.32 6.98 27.70 64.81 6.94 27.17 155-7
60c H 63.81 6.43 29.76 63.76 6.36 29.64 162-3
60d 4-CI 53.44 4.98 25.16 53.32 4.87 24.42 161-3
60g 3-NO2 calc, mass = 233.0913 found mass =233.0962 184-7
M*+ = 233, 100%
trimethylated compounds
66a 4 -CH3O calc, mass = 232.1324 found mass = 232.1283 #
M.+ = 232, 100%
66b 4 -CH3 calc, mass = 216.1375 found mass = 216.1329 #
M«+ = 216, 48%
66c H calc, mass = 202.1218 found mass = 202.1230 #
M*+ = 202, 95 %
66d 4-CI 55.82 5.54 23.67 55.79 5.48 23.60 135-7
66g 3-NO2 calc, mass = 247.1069 found mass = 247.1044 #
M*+ = 247, 28 %
Lit.
88 2^
45 I:
28^ 7^32^
135-6
166-8
(p not isolated in a significant quantity
# liquid
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There are many possible products resulting from the deprotonation then méthylation of 
A/-aryl-A/’-cyanoguanidines due to the number of sites where deprotonation {via butyl 
lithium) and méthylation may occur. Even under conditions closer to aqueous where the 
site of deprotonation is known to be Ar-NH the very delocalisation which facilitates H-loss 
allows the possibility of several méthylation sites (Scheme 4.1). Tautomérisation of the 
anion {via intra- or intermolecular mechanisms) allows further sites (Scheme 4.2) as 
does an alternative initial site of deprotonation.
NH2 NH2 NH2
I I I ‘ n ’
Ar N C = N  CN ■<------ ► Ar-----N = C -----N-----CN ^ ------- > ■  Ar-----N = C -----N = C = N
( - )
Scheme - 4.1 Delocalisation which stabilises negative charge
( — )
NH2 H NH
Ar N C — N CN Ar-----N-----C N-----CN
Scheme - 4.2 Tautomérisation of the anion
The structures of some of the possible products are shown in Figs. 4.5 - 4.7. Some of 
these are unlikely since they are not consistent with known cyanoguanidine chemistry. 
Structures 55-58, 62, 64 and 65 can be discounted on the basis that it is known that 
when one or more electron-withdrawing groups are present in a guanidine molecule the 
C=N bond is always directed toward the most strongly electron-withdrawing group, in this 
case it is the cyano group or if this is not possible the aryl group.
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NHz NHg
A r  N
Me
N  CN
52
A r  N N CN
Me
53
A r  N
H
NHMe
N CN
54
A r  N
NMe
N  CN
H H
55
A r  N
NHMe
56
N  CN
H
A r  N
H
H
57
N CN
Me
H
A r  N  C  N  CN
Me H
58
Fig. AS Some possible structures for mono-methylated AZ-aryl-A/’-cyanoguanidine
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NHMe NHMe
A r  N N  CN A r  N N  CN
Me
59
Me
60
H NMe
A r  N
Me
N CN
Me
61
A r  N N CN
Me H
62
A r  N
H
NMe2
N  CN
63
A r  N
H
NMe
64
N CN
Me
NMe2
A r  N = C  N  CN
H
65
Fig. 4.6 - Possible structures for dimethylated compounds
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structure 54 where the methyl group is on^different nitrogen from both the cyano and aryl 
groups may be rejected on the grounds that where Ar = Ph or 4-chlorophenyl they are 
known compounds with different melting points from thostfound hereJ '^^  ^Also they would 
have a different^H chemical shift for the methyl group. Structure 63 can be rejected for 
the dimethylated compounds because several compounds with structure 63 are known 
and have different melting points.^ ®’^ ®
A r  N
Me
NM02
66
N  CN A r  N
NM02
67
N  CN
Me
NMe
A r  N
Me
N  CN
Me
68
Fig. 4.7 Some possible structures for trimethylated A/-aryl-A/’-cyanoguanidine
The major product for each alkylation is always the mono-methylated compound (typical 
yield ca. 30 % ). Also experiments using n-butyl lithium in which the number of 
equivalents of methyl iodide were varied (2-10) showed that neither the number of 
products nor the relative abundance of each product is affected (as judged by T.L.C.). In 
a comparison study where sodium ethoxide (one equivalent) and methyl iodide (one 
equivalent) was used as the deprotonating agent the only product isolated was the 
monomethyl compound. No other products were detected by T.L.C. or by ‘‘h NMR. For
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each equivalent of ethoxide used a maximum of one equivalent of proton can be 
removed and once ethoxide has gained a proton it is no longer an effective deprotonator.
4.3.1.2 Crystal Structures
The structure of 41a was confirmed as the amino form by X-ray crystallography and the 
structure of its monomethyl derivative was confirmed as having structure 52 (methyl and 
aryl groups on the same nitrogen) by the same method (see Chapter 3). Of the 
trimethylated compounds, 66d the 4-CI derivative is shown to have a methyl on the 
same nitrogen as the aryl group with the two remaining methyl groups on the same 
nitrogen.
4.3.1.3
Me NH2
N C = N  CN
52a ; X = 4-MeO
NMR spectroscopy
Me NMe2
N C = N  CN
66d ; X = 4-CI
Whilst crystal data is available for a few of ^ compounds NMR spectra provide useful 
confirmation for the remaining compounds. Proton NMR spectra give useful clues as to 
structure through chemical shift and through splitting patterns. For the structures with a 
single methyl group 52 - 58 two spectral patterns are possible. Two separate signals for 
NH would be expected for 54 - 58 whereas a single peak would be expected for the NH2 
of 52 and 53. For 54 and 56 there might also be splitting of one the NH signals or the 
methyl signal due to coupling between the methyl group and the proton which are 
attached to the same nitrogen.
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Of the three trimethyl structures 66, 67 and 68, little difference in the spectra of 66 and 
67 would be expected except for a small change in chemical shift of the lone methyl 
group depending on its position (next to ring or next to cyano). Three signals for NMe 
would be expected for 68.
The dimethyl structures 59 - 62 and 64 are predicted to have two separate signals for the 
two methyl groups. For 59 and 60 one of these may also be split due to coupling with the 
proton on the same nitrogen. The remaining dimethyl structures 63 and 65, where the 
two methyls are on the same nitrogen, would have either one or two signals for methyl 
groups depending on whether they are equivalent (due to rapid rotation) or non­
equivalent.
For every aryl substituent X (X = 4-MeO, 4-Me, H, 4-CI and 3-NO2) the main product was 
the monomethylated compound. Their spectra are all of the same pattern (Table 4.4), 
indicating adoption of a single structure type. The spectrum of A/-(4-chlorophenyl)-A/’- 
cyano-A/-methylguanidine 52d is typical [Fig. 4.8].
_A_
Fig. 4.8 NMR spectrum of A/-(4-chiorophenyl)-A/’-cyano-A/-methylguanidine 52d in dg-acetone
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There is a double doublet at -7.46 ppm for the aromatic ring protons. The singlet at 3.29 
ppm integrating for three protons is due to the methyl group. Of the remaining signals 
two are due to solvent and water (2.05 and 2.82 ppm) and one to the NH2 group (6.32 
ppm). A spectrum of this type is consistent only with structures 52 and 53, excluding 54 - 
58 where two NH signals would be expected. Given that the structures of the 4-MeO and 
are known to be 52 unequivocally, the above pattern, seen for the five 
monomethyl compounds supports 52 for them also.
NHz
A r  N N  CN
Me
52
Table 4.4 - Chemical shifts (ppm) for AZ-aryl-AT-cyano-AZ-methylguanidines
in de-acetone
compound
52a
52b
52c
52d
52g
X
4-CH3O
4-CH3
H
4-CI
3-NO2
C H 3
3.27
3.25
3.29
3.29 
3.41
NH2
5.74
6.10
6.18
6.32
6.58
ArH
7.25, d 
6.99, d
7.30, d
7.26, d
7.30, t 
7.39, m
7.51, d 
7.42, d
8.29, s 
8.22, d 
7.87, d 
7.77, t
X
3.84
2.36
Compound 52c was found to be identical to compound 45 prepared in Chapter 2 from A/-methylaniline.
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Alkylarylcyanoguanidines with several substitution patterns have previously been 
synthesised. As stated in Chapter 1 the substitution depends on the method of 
preparation. For example, Mestres and Palomo^® have made AZ-cyano-A/’-methyl-A/”- 
phenylguanidine (substituents on different nitrogens as in structure 54) from 
methylphenylcarbodiimide and its melting is given as 142 - 147 °C whereas the melting 
point given for AZ-cyano-A/’-methyl-A/’-phenylguanidine 52c (both substituents on the 
same nitrogen) is 135-136 °C.^ ® The melting point of A/-(4-chlorophenyl)-A/’-cyano-A/”- 
methylguanidine (55d) is 169-171 °C.^^
NMe
- C —
55d
CN
ppm
Fig. 4.9 NMR spectrum of /V-(4-chlorophenyl)-A/’-cyano-A/’,A/”-dimethylguanidine
60d in de-acetone
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The spectrum of A/-(4-chlorophenyl)-A/’-cyano-A/’,A/”-dimethylguanidine 60d [Fig.4.9]
ao5
shows two signals for methyl groups at 3.36 and 2.92 ppm (in addition to solvent at^ppm 
a
and water at^ppm). This may be due to non-equivalence of two methyl groups attached 
to the same nitrogen (as in 63 and 65) or to two methyl groups on two different nitrogens 
(as in 59 - 62 and 64). The latter is more likely since signal separation is large. The 
presence of the doublet integrating for three protons is another vital clue as to the 
structure of the compound. This doublet representing a methyl at 2.92 ppm implies 
coupling to the NH proton. This is not possible if the two methyl groups are on the same 
nitrogen and requires a NH-Me group in the molecule. Therefore the structure must 60 
and the doublet due to a three bond coupling between the NH proton and a methyl group 
on the same nitrogen (^ Jhh = 4.8 Hz).
A r  N
NHMe
C = N  CN
Me
60
Most other structures can be discounted on general grounds (see above) but 59 cannot 
be ruled out at this stage. Dimethylated compounds of structure 63 are known^® ''® and 
are found to have higher melting points than those with structure 60.
Table 4.5 - Comparison of melting points of structures 60 and 63
substituent structure 60 
M .p./°C
structure 63 
M .p./°C
4 -CH3O 135-137 178-180'°
4 -CH3 155-157 190-192^°
H 162-163 178-180’®
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Table 4.6 - Chemical shifts (ppm) for A/-aryi-A/’-cyano-A/,A/”-dimethylguanidines
in de-acetone
compound
60a
60b
60c
60d
60g
X CHs
4 -CH3O 2.95, d
4 -CH3 2.90, d
H 2.90, d
4-0! 2.92, d
3-NO2 2.95, d
C H 3
3.33
3.32
3.35
3.36 
3.47
NHz
5.84
6.01
6.13
6.30
6.74
ArH
7.21, d 
6.96, d
7.26, d 
7.19, d
7.44, t 
7.32, m
7.45, d 
7.35, d
8.17, s 
8.15, d 
7.76, d 
7.70, t
X
3.82
2.34
^
ppm
Fig. 4 .10  spectrum of A^-(4-chlorophenyl)-A/’-cyano-A/’,A/”,A/”-trimethylguanidine
66d in de-acetone
The spectrum of A/-cyano-A/’-(4-chioropheny!)-A/’,A/”,A/”-trimethyiguanidine 66d 
(unambiguously assigned from X-ray structure) [Fig. 4.10] shows only two signals for 
methyl groups. One signal at 3.37 ppm integrates for three protons and is due to one
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methyl group. The other at 2.94 ppm integrates for six protons and is due to two methyl 
groups. A spectrum of this type excludes structure 68 which does not have a NMez 
group. Similar arguments to the above support structure 66 for all the trimethylated 
derivatives.
NM02
A r  N N  CN
Me
66
One signal for the two methyls of NMez implies that they are equivalent and there is 
rotation about C-N bond. The narrowness of the signal suggest that this rotation is fast 
on the NMR timescale. Low temperature NMR spectra (T down to -40 °C) have been 
recorded and they show the NMez signal alone becoming broader but no peak 
separation was observed. The temperature needs to be lowered further.
Table 4.7 - Chemical shifts (ppm)for A/-aryl-A/’-cyano-A/,A/”A/”-trimethylguanidines in
de-acetone
compound
66a
66b
66c
66d
66g
X
4 -CH3O
4 -CH3
H
4-CI
3-NO2
N(CH3)2
2.81
2.84
2.88
2.94
3.07
CH,
3.35
3.36
3.38
3.37
3.45
ArH
7.07, d 
6.97, d
7.20, d 
6.96, d
7.38, t
7.07, d
7.05, d
7.38, d
7.05, d
7.86, d 
7.77, s 
7.62, t
7.39, d
X
3.60
2.30
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4.3.1.4 13C NMR spectroscopy
The spectra of the methylated 4-chlorophenyl compounds 52d, 60d and 66d are 
shown below [Fig 4.11-4.13]; all have a peak at ca. 38 ppm which is assigned to the 
methyl group attached to the nitrogen next to the ring.
160 140 120 100 80 60 180 160 140 120 100 80 60 p
Fig. 4.11 (left) and DEPT NMR spectra of A/-cyano-A/’-(4-chlorophenyl)-A/’-methylguanldine
52d in de-acetone
140 120 100 60 60 40 pp
Fig. 4.12 (left) and DEPT NMR spectra of A/-cyano-Ar-(4-chlorophenyl)-A/’,A/”-dimethylguanidine
60d in de-acetone
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The dimethyl compound 60d has two separate signals for methyl groups. This confirms 
that structure 63 can not be adopted. One of the methyl signals is the same as that for 
the monomethyl compound 52d so that structure 59 seems unlikely compared to 60.
JLwutnL
160 140 120 100 160 140 120 100
Fig. 4.13 (left) and DEPT NMR spectra of A/-cyano-A/’-(4-chlorophenyl)-A/’,A/”,/\/”-trimethylguanidine
66d in dg-acetone
For the trimethyl compound the NMe2 carbons are seen as a single peak (39.47 ppm) 
further confirming their equivalence [Fig. 4.13].
13C NMR chemicals sifts for all the compounds 52, 60 and 66 a-d and g are shown in 
Tables 4.8- 4.10 below and were assigned as in Chapter 2.
Table 4.8 - ^ 0^ Chemical shifts (ppm) for A/-aryl-A/’-cyano-A/-methylguanidines
in de-acetone
cpd. Cl C2 C3 C4 C5 C6 NMe C:^ :imino 'cyano cx
52a 135.81 115.77 129.15 160.21 129.15 115.77 39.12 162.17 118.07 55.57
52b 140.76 127.86 131.44 138.81 131.44 127.86 39.26 162.00 118.07 21.01
52c 143.42 128.11 130.91 128.91 130.91 128.11 39.26 161.97 118.02
52d 142.37 130.02 130.84 133.84 130.84 130.02 39.27 162.02 117.85
52g 149.93 123.17 144.93 123.59 134.85 131.82 39.27 162.19 117.52
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Table 4.9 - Chemical shifts (ppm) for A/-aryl-A/’-cyano-A/,A/”-dimethylguanidines
in de-acetone
cpd. Cl C2 C3 C4 C5 C6 NMe i^mino NHMe c^yano CX
60a 136.51 115.92 129.03 135.65 129.03 115.92 39.33 162.06 40.69 117.34 55.71
60b 141.68 127.35 131.31 137.89 131.31 127.35 30.31 160.82 40.53 117.22 20.95
60c 144.43 127.32 130.76 127.97 130.76 127.32 30.39 161.06 40.47 117.13
60d 144.31 130.29 120.93 120.93 130.29 38.40 165.11 39.48 116.45
60g 145.75 121.31 121.63 132.76 131.50 30.19 160.95 40.06 114.60
Table 4.10 - ^^ C Chemical shifts (ppm) for A/-aryl-A/’-cyano-A/,A/” A/”-trimethylguanidines
in de-acetone
cpd. Cl C2 C3 C4 05 06 NMe i^mino NMe2 c^yano CX
66a 139.01 115.64 124.10 157.58 124.10 115.64 39.83 165.43 40.30 117.12 55.73
66b 143.29 121.18 130.94 122.74 130.94 121.18 39.31 165.29 39.64 116.96 20.63
66c 145.58 130.45 120.21 123.99 120.21 130.45 38.74 165.36 39:54 116.80
66d 144.28 130.27 120.93 128.09 120.93 130.27 38.40 165.09 39.47 116.48
66g* 122.92 123.32 134.59 131.56 39.01
Values in italics are from DEPT expt. only.
4.3.1.5 Origin of/V-aryl-/V-methylcyanamides
The arylmethylcyanamides were isolated and characterised for the 4-MeO, 4-CI and
3-NO2 derivatives, although trace amounts of 4-Me and H analogues were identified by
NMR. Elemental analysis (or mass spectra) of these products are consistent with the
proposed structure Ar-NMe-CN; the and ^^ C NMR spectra [Fig. 4.14 and 4.15] are
shown below for the 4-CI compound. Both spectra are consistent with the proposed
structure and chemical shifts agree well with those found in the literature.^°’^  ^ All
NMR. Spectra
compounds 51 a-d, g gave ^H^Table 4.11) consistent with their structure and for 
51a,b,d the carbon chemical shifts (Table 4.12) are to within 0.4 ppm of literature 
values.(No literature data have been found for 51 g).
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Fig. 4.14 NMR spectrum of A/-(4-Ghlorophenyl)-A/-methylcyanamicie Sid in dg-acetone
160 140 120 100 80 GO pp
Fig. 4.15 ’^C (left) and DEPT NMR spectra of W-(4-chlorophenyl)-W-methylcyanamlde
Sid in dg-acetone
Of the known derivatives 51, only A/-(4-methoxyphenyi)-A/-methyIcyanamide 51a was 
obtained in a significant quantity. Literature methods for the preparation of these low 
melting point compounds include, for example, reaction of /V-methylaniline with 
cyanogen bromide^  ^or a substituted thiourea with lead acetate^but their formation in 
this study is unclear. It seems likely that they are breakdown products.
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A possible mechanism of formation of A/-methyl-A/-phenylcyanamide may follow the route 
shown in Scheme 4.3.
r:b
\  x"
Me N J
I I r A
N C—:—N ——C —N
H
Me
N  C N = C = N
II 1^1
Me+
H
Me
N  C N = C = N  Me
:B
H
Me N
N  C—^  = C = N  Me
Me
N CN + n = C = N  Me
Scheme 4.3 - Possible mechanism of formation of A/-methyl-A/-phenylcyanamide
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Table 4.11 - Chemical shifts (ppm) for A/-aryl-A/-methylcyanamides in de-acetone
compound X CH3 ArH X
51a 4-GH3O 3.33 7.09, d 3.78
6.99, d
51b 4 -CH3 3.35 7.24, d 2.30
7.04, d
51c H 3.39 7.43, t
7.16, d 
7.10, d
51 d 4-CI 3.41 7.45, d
7.18, d
51g 3-NO2 3.54 8.00, d
7.94, s 
7.75, t 
7.61, d
Table 4.12 - Chemical shifts (ppm) for A/-aryl-A/-methylcyanamides in de-acetone
cpd.* X Cl C2 C3 C4 C5 C6 C7 C8 CX
51 aP 4 -CH3O 115.67 117.25 117.25 115.67 37.62 55.82
51b 4 -CH3 139.48 115.59 130.87 133.29 130.87 115.59 37.17 114.68 20.43
51d 4-CI 140.88 117.26 130.30 128.55 130.30 117.26 37.36 114.00
* Ali values are to within 0.4 ppm of values found in Reference 21. 
P Values in italics from DEPT expt. only.
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4.3.2 Mechanism of Compound Formation
The detailed mechanism of méthylation requires further investigation but from the 
available evidence it may be proposed that the original site of deprotonation and 
méthylation is at N1 to give the monomethylated compound. Successive méthylation 
would than furnish the di- and trimethylated compounds.
Random deprotonation and méthylation would yield a variety of products as outlined 
earlier in section 4.3.1.1, Schemes 4.1 and 4.2. It is proposed (Scheme 4.4) that the 
deprotonation of the cyanoguanidine 41 by slight excess of Bu"Li is rapid and that 
conversion to the stabilised anion 69 is quantitative. (The observation that solid 41, 
normally insoluble in water, disappears after only a few minutes in aqueous 
deprotonating media to give a uniform solution supports this). Méthylation of 69 is 
observed to be slow; T.L.C. monitoring of this reaction shows it to take several hours, 
with the outcome that the amount of monomethyl product 52 builds up only slowly even 
with a large excess of methyl iodide. As the amount of monomethyl product 52 builds up, 
intermolecular proton transfer between the NH2 of 52 and the anion 69 results the 
formation of a small equilibrium amount^methylated anion 70 and of the starting material 
41. Further deprotonation by Bu"Li is unlikely since swift destruction of the slight excess 
butyl lithium by the excess of methyl iodide is expected. With respect to the formation of 
the anion 70; even though its pKg value is probably at least two units higher than that of 
41 (the pKa of 41c is 12.0 from section 4.2.2 and the pKg of 52 is greater than 14) there 
will still be a small equilibrium quantity formed. Since it would be less stable than the 
anion 69 it would probably methylate more readily leading to a significant amount of 60 
since the methylated anion 70 can react with methyl iodide to give the dimethylated 
product 60. Analogous proton transfer between 60 and the parent anion 69 leads to the
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formation of more starting material 41 and of dimethylated anion 71 which upon reaction 
with methyl iodide yields the trimethylated compound 66.
H NH.
Ar N  C = N  CN 41
Me NHz 
52 Ar N  C = N  CN
Bunu rapidquantitative
Slow
Mel
( - )
Ar N -
NHz
î = N  CN 69
NHz
< - )
Ar N  C = N  CN
• (^ ) 
Me :NH
70 Ar N  C = = N -— CN
Slow
Mel
Me NHMe 
60 Ar N  C = N  CN
NHz
Ar N  C = N  CN
(— ) 
Me :NMe
71 Ar N  C = N  CN
Slow
Mel
Me NMez 
66 Ar N  C = = N  CN
H ,^H.
Ar N  C = N  CN
H NHz 
Ar N  C = N  CN
Scheme 4.4 - Possible mechanism of compound formation with butyl lithium and Mel
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A mechanism such as this one explains the formation of the limited number of products, 
the regioselectivity of the méthylation, the relative abundance of each product and of the 
presence of ‘unreacted’ starting material.
Analysis by T.L.C. showed a similar distribution of products when only 2 equivalents of 
methyl iodide was used. However, when 1.5 equivalents of sodium ethoxide in ethanol 
were used in place of the butyl lithium, together with two equivalents of methyl iodide, 
T.L.C. analysis showed only starting material and the monomethyl product. In some 
instances this product was isolated and its ^H NMR spectrum was identical to that 
formed using butyl lithium. The ethoxide system is very different to the butyl lithium 
above. Butyl lithium is a much stronger base than the group of the cyanoguanidines 
so that its deprotonation may be regarded as essentially irreversible. With the ethoxide 
being a less strong base the equilibrium is still to the right (anion side) but, as shown in 
Scheme 4.5, reaction with methyl iodide may be comparable with the reaction between 
anion and methyl iodide with the result that even if méthylation to the product was at a 
maximum the removal of ethoxide by methyl iodide hinders product formation by 
reducing the formation of anion. Of course, the formation of anions such as 70 is 
possible but there is less likelihood of building up a sufficient quantity for further reaction 
to form further methylated products.
NHz NHz
Ar NH C— N— CN +  OEt ^  Ar— N— C = N -----CN
fast
Mel
slow'
Mel
Me NHz
MeOEt
Ar N C = N  CN
Scheme 4.5 - Action of ethoxide and methyl iodide on A/-aryl-A/’-cyanoguanidine
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4.4 Conclusions
The A/-aryl-A/’-cyanoguanidines are relatively acidic with pKg values in aqueous solution 
in the range 10.9 - 12.7; these values being some two units higher than for the related 
nitroguanidines. Deprotonation occurs preferentially at the NH bearing the aryl group and 
there is evidence of significant resonance delocalisation of the N^ '^  over the aryl group. 
Méthylation following treatment with n-butyl lithium yields a mixture of mono-, di- and 
trimethylated derivatives along with a breakdown product, A/-aryl-A/-methylcyanamide. 
Monomethylation is exclusively at the N bearing the aryl group (the site of deprotonation 
in aqueous solution) while the second and third methyl groups successively substitute on 
the NH2 group. In all cases tautomers and isomers are analogous to that found for the 
parent compounds. The mechanism of méthylation is proposed to involve equilibrium 
deprotonation of various cyanoguanidines by cyanoguanidine anion.
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4.5 Experimental
4.5.1 Determination of pKg
The chemicals used for this section of work were of A.R. grade.
pH Values were determined using a Hanna Instruments H18417 microprocessor bench 
pH meter with a Russell combination pH electrode, calibrated with solutions made up as 
directed from Russell pH buffer capsules.
to on op Mol
All the buffers used were brought^onic strength^one^by the addition of solid sodium 
chloride (Rose Chemicals Ltd., A.R., 99.9 %).
4.5.1.1 Preparation of buffered solutions
Stock 1 mol dm'  ^sodium hydroxide solution was made up as directed from commercial 
sodium hydroxide ampoules (BDH, Convoi, 1 mol 1'^  (N), ± 0.2% after dilution) and the 
stock 1 mol dm'  ^ sodium hydrogen carbonate solution was made by dissolving sodium 
hydrogen carbonate (BDH, Analar, 99.9% minimum, 84.0 g, 1 mol) in water in a 1 litre 
volumetric flask and making up to the mark with water.
4.5.1.1a Sodium hvdroxide buffers of pH 11 to 14
Sodium hydroxide buffers were prepared by dilution of stock solution.
Method
For 1000 cm  ^of buffer of desired pH X, V cm  ^of stock NaOH solution was pipetted into 
a 1000 cm  ^volumetric flask and made up to the mark with distilled water. The volume, V 
cm ,^ required to achieve the desired pH was calculated as follows
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X-14___, ._ -3
and using
[OH ] = 10 ’ mol dm
M X V
n =
1000
where M = molarity of stock solution, mol dm'^
V = volume, cm  ^
n = number of moles
V = 10*^" X 100 cm^
The pH was assumed to be the calculated value.
4.5.1.1b Sodium carbonate / sodium hydrogen carbonate buffers fpH 8 5 tn 11)
Sodium carbonate buffers were prepared by mixing sodium hydrogen carbonate (BDH, 
Analar, 99.9% minimum) and sodium hydroxide solutions for pH in the range -8.5 to 11.
Method
For each 1000 cm  ^of 0.05 M buffer, 50 cm  ^of 0.1 M NaHCOg solution and X cm  ^of 0.1 
mol dm*^  NaOH solution were placed in a 100 cm  ^volumetric flask and made up to the 
mark with water (50-X cm )^, where X is calculated using
X = 50 X cm'
[H^] + 5.6 X 1Q-'^
where [H ] — 10^
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The exact pH of each buffer solution was then determined using a pH meter. From the 
measured pH the values of [COs^ "] and [HCOs] were calculated. Using these values the 
quantity of solid A.R. sodium chloride to be added to bring ionic strength to one was 
calculated according to ...
I
where I = ionic strength 
z = charge 
c= concentration 
i = ionic component
4.5.1.1c Preparation of samples for absorbance measurements
For each compound at each pH two samples and a blank were made up. The blank was 
made by pipetting a 0.5 cm  ^ aliquot of absolute ethanol into a 25 cm  ^ volumetric flask 
and making up to the mark with buffer solution. The samples were made in the same 
way except that 0.5 cm  ^ stock compound solution of known concentration (ca. 4 mM) 
was used in place of the ethanol. It was assumed that the change in pH due to addition 
of the ethanol was negligible.^
4.5.1.2 Measurement of absorbance and calculation of pKg
An air background was used for each measurement. The UV spectra of the blank and 
two samples were recorded between 190 and 600 nm for each compound at each pH. 
The spectrum of the blank was subtracted from the spectra of the samples. From these 
spectra the absorbance at a fixed wavelength was noted, the average calculated and 
plotted against the pH. The pKg value is equal to pH at the half-neutralisation point. This 
was determined graphically from a plot of absorbance (at a fixed wavelength) versus pH. 
A typical plot is given in Fig. 4.2.
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4.5.2 Méthylation
4.5.2.1 General Method
Products were analysed by T.L.C. and either elemental analysis or high resolution mass 
spectral analysis. A Finnigan MAT 8400 High Resolution Spectrometer in electron impact 
ionisation mode was used for mass spectral analysis and perfluorokerosene was used 
as the internal reference compound. Where appropriate, melting points were determined 
using a Kopfler Micro melting point apparatus.
Both ^H and NMR spectra were recorded for each product. A Bruker AC300 300 
MHz pulse FTNMR spectrometer with a 5 mm probe was used. In all cases the solvent 
was de-acetone.
For H^ NMR the samples were prepared under a stream of nitrogen and the reference
to the
was TMS. Concentrations were typically ca. 0.06 mol dm*^  due l^ow yield of products. The 
instrumental conditions were spectral width 4.5 kHz, data size 16 K, pulse width 2 ps and 
acquisition time 1.82 s. Temperature was set at 298 K.
For ^ 0^ NMR the centre peak of the acetone multiplet was set to 29.8 ppm for reference 
purposes. Spectra were record at 298 K using the same samples as prepared for the ^H 
spectra. Both ^ 0^ and DEPT 135 experiments were carried out on each sample. Typical 
operating conditions at 75.47 MHz were data size 32 K, spectral width 22.7 kHz, pulse 
width 3 ps, delay time 0.28 s and acquisition time 0.72 s.
General Preparation
AZ-Aryl-AT-cyanoguanidine (0.0014 mol, as prepared in Chapter 2) was placed in a round- 
bottomed flask sealed with a rubber septum. The vessel was purged with nitrogen before
120
addition of THF (distilled over potassium and benzophenone, 10-12 cm )^ and cooling to 
-10 °C in a salt/ice bath. n-Butyl lithium (Janssen Chimica, 1.6 mol dm'  ^ in hexane, 1 
cm ,^ 0.0016 mol) was added and the mixture stirred for 0.5 h before addition of methyl 
iodide (Aldrich Chemical Co., 99.5 %, stabilised with silver wool, 0.87 cm ,^ 0.014 mol). 
The resulting mixture was stirred for 24 h at room temperature before an aqueous work 
up. Water (3 cm )^ was added and ethyl acetate (70 cm )^ was used to extract the 
products. The organic layer was washed with brine (10 cm )^ and then water ( 3 x 10  cm )^ 
before drying over magnesium sulphate and concentration under reduced pressure.
Product Isolation
Products were separated by column chromatography. After adsorption onto silica (Acres 
Organics, particle size 0.035 - 0.07 mm, pore diameter ca. 6 nm) the mixture was eluted 
with chloroform-absolute ethanol (ratio dependent on the ring substituent but usually 
about 3% alcohol). The products were isolated and concentrated under reduced 
pressure before recrystallised from chloroform-hexane mixtures if solid.
Characterisation and spectroscopic data are given in Tables 4.3 - 4.6 and 4.10-4.14.
Yields (%) after column separation are shown in the table below.
X 51 52 60 66
4-Meo 17 24 9 2
4-Me trace 37 10 9
H trace 9 10 8
4-CI 29 28 6 17
3-NO2 9 35 7 14
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Data tables for 41b, 41 e, 41 h showing temperature and chemical shifts. 
For A/-cyano-A/’-(4-methylphenyl)guanidine 41b, [41b] = 0.14 M. 
For A/-cyano-A/’-(4-bromophenyl)guanidine 41 e, [41e] = 0.13 M. 
For A/-cyano-A/’-(4-cyanophenyl)guanidine 41 h, [41 h] = 0.16 M.
Table 1 - Temperature and chemical shift (ppm) for 41b at [HgO] = 0.07M in dg-DMSO
Temperature/°C NH Ar-H NH2 Water Methyl
25 8.94 7.20 6.90 3.33 2.25
35 8.91 7.20 6.85 3.28 2.25
45 8 . 8 6 7.20 6.80 3.23 2.25
55 8.83 7.20 6.75 3.18 2.25
65 8.79 7.19 6.70 3.13 2.25
75 8.76 7.19 6 . 6 6 3.08 2.25
85 8.72 7.19 6.61 3.02 2.25
95 8 . 6 6 7.18 6.56 2.97 2.25
105 8.65 7.18 6.51 2.92 2.25
115 8.62 7.18 6.48 2.87 2.25
125 8.57 7.18 6.43 2.81 2.25
Table 2 - Temperature and chemical shifts (ppm) for 41b at [H 2 O] = 0 .14M  in dg-DM SO
Temperature/°C NH Ar-H NH2 Water Methyl
25 8.95 7.20 6.90 3.37 2.25
35 8.90 7.20 6.84 3.30 2.26
45 8 . 8 6 7.20 6.80 3.24 2.25
55 8.82 7.19 6.74 3.16 2.26
65 8.79 7.19 6.69 3.13 2.26
75 8.75 7.19 6.64 3.07 2.26
85 8.71 7.19 6.58 3.01 2.26
95 8 . 6 8 7.19 6.54 2.96 2.26
105 8.64 7.18 6.49 2.90 2.26
115 8.60 7.18 6.44 2.84 2.26
125 8.56 7.18 6.40 2.76 2.26
Table 3 - Temperature and chemical shifts (ppm) for 41b at [H 2 O] = 0 .2 1 M dg--D M S O
Temperature/°C NH Ar-H NH2 Water Methyl
25 8.94 7.20 6.91 3.37 2.25
35 8.90 7.20 6.84 3.30 2.25
45 8.87 7.20 6.80 3.25 2.26
55 8.82 7.19 6.74 3.19 2.26
65 8.79 7.19 6.70 3.14 2.26
75 8.75 7.17 6.64 3.08 2.26
85 8.71 7.19 6.59 3.02 2.26
95 8 . 6 8 7.18 6.55 2.97 2.26
105 8.64 7.18 6.41 2.91 2.26
115 8.60 7.18 6.45 2 . 8 6 2.26
125 8.57 7.18 6.41 2.80 2.26
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Table 4 - Temperature and chemical shifts (ppm) for 41b at [H2 O] = 0.28M dg-DMSO
Temperature/°C NH Ar-H NH2 Water DMSO
25 8.95 7.20 6.91 3.37 2.25
35 8.91 7.20 6.85
45 8 . 8 8 7.20 6.81 3.25 2.25
55 8.84 7.19 6.76 3.20 2.25
65 8.82 7.19 6.72 3.15 2.25
75 8.79 7.19 6 . 6 8 3.08 2.24
85 8.75 7.19 6.63 3.04 2.26
95 8.72 7.19 6.60 2.99 2.26
105 8.69 7.18 6.55 2.94 2.26
115 8 . 6 6 7.18 6.51 2 . 8 8 2.26
125 8.60 7.18 6.47 2.83 2.26
Table 5 - Temperature and chemical shift (ppm) for 41b containing [HgO] =0.34 M and
[H2O] = 0.42 M at 25 and 125°C in dg-DMSO
Temperature/°C
25
125
conc. /  M 
0.34
NH
8.91
8..58
NH2
6.87
6.44
25
125
0.42 8.94
8.58
6.91
6.44
Table 6 - Temperature and chemical shifts (ppm) for 41 e at [H2O] = 0.07M in dg-DMSO
Temperature/°C NH Ar-H NH2 Water DMSO
25 9.17 7.09 7.09 3.34 2.51
35 9.14 7.34 7.03 3.28 2.50
45 9.10 7.29 6.97 3.17 2.44
55 9.07 7.34 6.94 3.18 2.49
65 9.04 7.34 6.90 3.13 2.49
75 9.00 7.33 6.85 3.07 2.49
85 8.96 7.33 6.81 3.02 2.49
95 8.93 7.33 6.77 2.97 2.48
105 8.89 7.32 6.72 2.91 2.48
115 8.82 7.29 6 . 6 8 2 . 8 6 2.48
125 8.81 7.31 6.63 2.81 2.47
Table 7 -  Tem perature and chemical shifts for 41 e at [H 2 O] —0.35M  in dg-DM SO
Temperature/°C NH Ar-H NH2 Water DMSO
25 9.17 7.47 7.08 3.36 2.51
35 9.13 7.46 7.02 3.30 2.50
45 9.09 7.45 6.97 3.24 2.50
55 9.05 7.45 6.91 3.18 2.49
65 9.01 7.45 6.87 3.13 2.49
75 8.96 7.44 6.81 3.07 2.49
85 8.93 7.44 6.76 3.01 2.49
95 8.89 7.43 6.72 2.96 2.48
105 8.84 7.43 6.67 2.90 2.48
115 8.81 7.42 6.63 2.84 2.47
125 8.76 7.42 6.59 2.78 2.47
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Table 8 - Temperature and chemical shifts (ppm) of 41h at [H2 O] = 0.07M in dg-DMSO
Temperature/°C NH Ar-H NH2 Water
25 9.68 7.62 7.35 3.36
35 9.65 7.61 7.29 3.30
45 9.60 7.61 7.24 3.25
55 9.57 7.61 7.19 3.20
65 9.51 7.60
75 9.45 7.60
85 9.41 7.60
95 9.37 7.59 7.00 2.99
105 9.34 7.59 6.97 2.94
115 -9 .20 7.59 6.99 2 . 8 8
125 unobserved 7.58 2.85
Fable 9 - Temperature and chemical shifts (ppm) of 41 h at [H2O] = 0.35M in dg-l
Temperature/°C NH Ar-H NH2 Water
25 9.70 7.73 7.33 3.39
35 9.62 7.72 7.28 3.32
45 9.55 7.71 7.23 3.27
55 9.53 7.70 7.18 3.21
65 9.49 7.69 7.13 3.17
75 9.46 7.69 7.00 3.11
85 9.41 7.68 7.03 3.05
95 9.34 7.67 7.91 3.00
105 9.30 7.68 6.97 2.97
115 9.07 7.67 6.97 2.90
125 unobserved 7.64 6.94 2.84
In all cases the Ar-H values given are for the centre of the Ar multiplet.
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A/-cyano-yV-(4-methoxyphenyl)guanidine 41 a
cell dimensions a = 6.904(3) R = 0.058
b = 8.431(3) (oR = 0.076
c = 9.555(6) S = 1.026
volume 487.2(1.1)
space group pT
z 2
formula C9 H 1 0 N4 O
FW 190.21
DCALC 1.294 gem"®
p(MoKa) 0.85 cm-1
F(OOO) 2 0 0
Table of Positional Parameters and their Estimated Standard Deviations
Atom X y z B(A2)
0 -0.0930(3) 0.5882(2) 0.07953(2) 5.13(4)
N1 0.3391(3) 0.1446(2) 0.4869(2) 3.72(4)
N2 0.3139(3) 0.1602(3) 0.2517(2) 4.26(4)
N3 0.4873(3) -0.0150(2) 0.3094(2) 3.76(4)
N4 0.5962(3) -0.1182(3) 0.0604(2) 5.40(5)
C l 0.3790(3) 0.0981(3) 0.3455(2) 3.06(4)
0 2 0.5417(3) -0.0646(3) 0.1742(2) 3.66(4)
O i l 0.2305(3) 0.2641(3) 0.5598(2) 3.16(4)
0 1 2 0.3239(3) 0.4019(3) 0.6973(3) 4.31(5)
013 0.2211(4) 0.5144(3) 0.7802(3) 4.47(6)
014 0.0225(3) 0.4854(3) 0.7212(3) 3.74(5)
015 -0.0709(3) 0.3487(3) 0.5832(3) 4.11(5)
016 0.0323(3) 0.2364(3) 0.5022(3) 3.70(5)
017 -0.0071(4) 0.7186(4) 0.9454(3) 5.81(7)
H I 0.400(4) 0.110(3) 0.548(3) 5.8(7)*
H2A 0.335(4) 0.131(3) 0.151(3) 5.6(7)*
H2B 0.254(4) 0.246(3) 0.282(3) 5.6(7)*
H12 0.4682 0.4222 0.7389 4*
H13 0.2899 0.6157 0.8805 4*
H15 -0.2142 0.3306 0.5401 4*
H16 -0.0376 0.1350 0.4022 4*
H17A -0.1055 0.7832 0.9869 4*
H17B 0.0181 0.6563 1.0126 4*
H170 0.1258 0.8077 0.9443 4*
starred atoms were refined isotropically. 
Anisotropically refined atoms are given in the form 
(4/3)[a2B(1,1) +b2B(2,2) + c2B(3,3)
of the isotropic equivalent thermal parameter defined as: 
+ab(cosy)B(1,2) + ac(cosp)B(1,3) + bc(cosa)B(2,3)]
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Table of General Temperature Factor Expressions
Name U(1.1) U(2 ,2 ) U(3,3) U(1,2) U(1,3) U(2,3)
0 0.0709(7) 0.0811(8) 0.0587(9) 0.0595(5) 0.0241(7) 0.0160(7)
N1 0.0671(8) 0.0664(7) 0.0350(7) 0.0525(5) 0.0241(6) 0.0243(6)
N2 0.0774(9) 0.0773(8) 0.0388(7) 0.0593(6) 0.0284(7) 0.0293(6)
N3 0.0665(8) 0.0683(7) 0.0312(7) 0.0515(5) 0.0192(6) 0.0205(6)
N4 0.097(1) 0.106(1) 0.0411(8) 0.0807(7) 0.0315(8) 0.0324(7)
C1 0.0437(8) 0.0493(8) 0.0341(8) 0.0297(6) 0.0130(7) 0.0164(6)
C2 0.0598(9) 0.0664(9) 0.0337(8) 0.0477(6) 0.0150(7) 0.0206(7)
C11 0.0503(9) 0.0502(8) 0.0366(8) 0.0343(6) 0.0214(7) 0.0204(6)
C12 0.053(1) 0.076(1) 0.042(1) 0.0442(7) 0.0107(9) 0.0119(9)
C13 0.060(1) 0.067(1) 0.043(1) 0.0405(8) 0 .0 1 1 ( 1 ) 0.005(1)
C14 0.0551(9) 0.0568(9) 0.048(1) 0.0409(6) 0.0236(8) 0.0214(8)
C15 0.0439(9) 0.065(1) 0.053(1) 0.0326(7) 0.0135(9) 0.173(9)
C16 0.048(1) 0.0511(9) 0.044(1) 0.0278(7) 0.0131(9) 0.0128(8)
C17 0.098(1) 0.087(1) 0.054(1) 0.0701(8) 0.027(1) 0.016(1)
The form of the anisotropic thermal parameter is :
exp[-2::2{h2a2U(1,1) + k2b2U(2,2) +12c2U(3,3) +2hkabU(1,2) +2h1acU(1,3) + 2k1bcU(2,3)}] 
where a, b, and c are reciprocal lattice constants.
Table of Bond Angles in Degrees
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle
C14 0 C17 117.4(2) C12 C13 C14 118.9(2)
C l N1 C11 127.9(2) C12 C13 H13 1 2 1 .0 (2 )
C l N1 H I 117(2) C14 C13 H13 120.2(3)
C11 N1 H I 115(2) 0 C14 C13 123.2(2)
C l N2 H2A 125(2) 0 C14 C15 116.4(2)
C l N2 H2B 1 2 2 (2 ) C13 C14 C15 120.3(2)
H2A N2 H2B 1 1 2 (2 ) C14 C15 C16 120.3(2)
C l N3 C2 119.5(2) C14 C15 H15 119.7(2)
N1 C l N2 1 2 1 .0 (2 ) C16 C15 H15 120.0(3)
N1 C l N3 114.5(2) C11 C16 C15 119.9(2)
N2 C l N3 124.6(2) C11 C16 H16 1 2 0 .1 (2 )
N3 C2 N4 173.5(3) C15 C16 H16 1 2 0 .0 (2 )
N1 C11 C12 117.9(2) 0 C17 H17A 109.7(3)
N1 C11 C16 122.3(2) 0 C17 H17B 109.6(2)
C12 C11 C16 119.6(2) 0 C17 H17C 109.6(3)
C11 C12 C13 1 2 1 .0 (2 ) H17A C17 H17B 108.9(3)
C11 C12 H12 119.5(2) H17B C17 H17C 109.6(3)
C13 C12 H12 119.4(2) H17C C17 H17C 109.3(3)
Numbers in parentheses are estimated standard deviations in the least significant digits.
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Table of Bond Distances in Angstroms
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
0 C14 1.380(3) C11 C16 1.374(3)
0 C17 1.421(3) C12 C13 1.391(4)
N1 C1 1.328(3) C12 H12 1 .0 0 0 (2 )
N1 C11 1.432(3) C13 C14 1.378(3)
N1 H1 0.89(4) C13 H13 1 .0 0 2 (2 )
N2 C1 1.317(3) C14 C IS 1.367(3)
N2 H2A 0.93(3) C IS C16 1.387(2)
N2 H2B 0.91(3) C IS HJ15 1.003(2)
N3 C1 1.342(3) C16 H16 1 .0 0 0 (2 )
N3 C2 1.314(3) C17 H17A 1.002(3)
N4 C2 1.142(3) C17 H17B 1.005(4)
C11 C12 1.368(2) C17 H17C 0.997(3)
Numbers in parentheses are estimated standard deviations in the least significant digits.
Table of Torsional Angles in Degrees
Atom 1 Atom 2 Atom 3 Atom 4 Angle Atom 1 Atom 2 Atom 3 Atom 4 Angle
C17 0 C14 C13 -5.9 C16 C11 C12 C13 0 . 2
C17 0 C14 C IS 173.7 C16 C11 C12 H12 -179.8
C14 0 C17 H17A -179.5 N1 C11 C16 C IS 175.3
C14 0 C17 H17B -60.1 N1 C11 C16 H16 -4.4
C14 0 C17 H17C 60.0 C12 C11 C16 C IS 0.4
C11 N1 C l N2 -1.3 C12 C11 C16 H16 -179.3
C11 N1 C l N3 179.0 C11 C12 C13 C14 -0.3
HI N1 C l N2 -172.4 C11 C12 C13 H13 -179.6
H I N1 C l N3 7.9 H12 C12 C13 C14 179.8
C l N1 C11 C12 -127.9 H12 C12 C13 H13 0.4
C l N1 C11 C16 57.1 C12 C13 C14 0 179.3
H I N1 C11 C12 43.3 C12 C13 C14 C IS -0 . 2
HI N1 C11 C16 -131.7 H13 C13 C14 0 -1.4
H2A N2 C l N1 -179.0 H13 C13 C14 C IS 179.1
H2A N2 C l N3 0.7 0 C14 C IS C16 -178.7
H2B N2 C l N1 7.4 0 C14 C IS H IS 1.9
H2B N2 C l N3 -173.0 C13 C14 C IS C16 .9
C2 N3 C l N1 -177.6 C13 C14 C IS H IS -178.6
C2 N3 C l N2 2 . 8 C14 C IS C16 C11 -0.9
C l N3 C2 N4 -175.5 C14 C IS C16 H16 178.8
N1 C11 C12 C13 -174.9 H IS C IS C16 C11 178.5
N1 C11 C12 H12 5.1 H IS C IS C16 H16 - 1 . 8
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Af-cyano-Ar-(4-methoxyphenyl)-Af'-methylguanidine 52a
cell dimensions
volume 
space group 
Z
DCALC 
p(MoKa) 
Mol. Wt.
X
F(OOO)
a = 9.807(2) A 
b = 10.483(4) A 
c =  12.040(2) A 
1046.3 (0.5)A3
p”
4
1.296 g/cm^ 
0.83cm 
204.23 
0.71073 A 
432
R
coR
S
0.045
0.069
1.061
Table of Bond Distances in Angstroms
Atom 1 Atom2 Distance Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
0 1 C14 1.369(2) C15 C16 1.379(2) N23 C29 1.305(2)
0 1 C17 1.426(3) C15 H15 1.004(2) N24 C29 1.150(2)
N i l CIO 1.341(3) C16 H16 1 .0 0 1 (2 ) C21 C22 1.382(3)
N i l C11 1.434(2) C17 H17A 1 .0 0 1 (2 ) C21 C26 1.370(3)
N i l C18 1.460(3) C17 H17B 0.997(3) C22 C23 1.369(2)
N12 CIO 1.333(3) C17 H17C 1.000(3) C22 H22 1 .0 0 0 (2 )
N12 Hn12A 0.87(3) C18 H18A 1.000(3) C23 C24 1.372(4)
N12 Hn12B 0 .8 6 (2 ) C18 H18B 0.999(2) C23 H23 1.000(30
N13 CIO 1.321(2) C18 H18C 0.999(2) C24 C25 1.380(4)
N13 C19 1.306(3) 0 2 024 1.362(2) C25 C26 1.393(2)
N14 C19 1.152(3) 0 2 C27 1.411(2) C25 H25 1 .0 0 1 (2 )
O i l C12 1.377(2) N21 C20 1.343(2) C26 H26 1 .0 0 1 (2 )
O i l C16 1.384(2) N21 C21 1.431(2) C27 H27A 0.997(3)
0 1 2 C13 1.382(2) N21 C28 1.460(3) C27 H27B 1.007(3)
C12 H12 0.998(2) N22 C20 1.328(2) C27 H27C 0.999(3)
C13 C14 1.379(2) N22 Hn22A 0.85(2) C28 H28A 0.997(2)
C13 H13 1 .0 0 2 (2 ) N22 Hn22B 0.84(2) C28 H28B 1.004(3)
C14 C15 1.382(2) N23 C20 1.325(2) C28 H28C 1.001(3)
Numbers in parenthesis are estimated standard deviations in the least significant digits.
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Table of Bond Angles in Degrees
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle
C14 0 1 017 116.2(1) C24 0 2 027 118.3(2)
C10 N i l O i l 1 2 2 .1 (2 ) C20 N21 0 2 1 1 2 1 .8 (1 )
C10 N i l 018 120.5(2) C20 N21 028 120.5(2)
C11 N i l 018 117.2(2) C21 N21 028 117.7(2)
C10 N12 H n12A 1 2 2 .0 (1 ) C20 N22 Hn22A 1 2 1 ( 1 )
C10 N12 Hn12B 117.0(2) C20 N22 H n22B 123(1)
H n12A N12 Hn12B 119.0(2) Hn22A N22 Hn22B 1 2 0 .0 (1 )
C10 N13 019 1 2 1 .1 (2 ) C20 N23 029 1 2 0 .0 ( 1 )
N11 0 1 0 N12 118.6(1) N21 0 2 0 N22 119.6(1)
N11 0 1 0 N13 117.1(2) N21 0 2 0 N23 115.9(1)
N12 0 1 0 N13 124.2(2) N22 0 2 0 N23 124.4(1)
N11 O i l 0 1 2 1 2 0 .1 (1 ) N21 0 2 1 0 2 2 118.9(2)
N11 O i l 016 1 2 0 .2 (1 ) N21 0 2 1 026 1 2 1 .2 (2 )
C12 O i l 016 119.5(2) C22 0 2 1 026 119.8(2)
C11 0 1 2 013 120.9(2) C21 0 2 2 H22 1 2 0 .1 (2 )
C11 0 1 2 H12 119.6(2) C21 0 2 2 H22 1 2 0 .0 (2 )
C13 0 1 2 H12 119.6(2) C23 0 2 2 024 119.9(3)
C12 013 014 119.3(2) C22 023 H23 120.3(2)
C12 013 H13 120.5(2) C22 023 H23 119.6(3)
C14 013 H13 1 2 0 .1 (2 ) C24 023 H23 1 2 0 .0 (2 )
0 1 014 013 123.6(2) 0 2 024 023 115.0(2)
0 1 014 015 116.3(1) 0 2 024 025 124.7(2)
013 014 015 1 2 0 .1 (2 ) 023 024 025 120.4(2)
014 015 016 1 2 0 .2 (2 ) 024 00 2 5 026 118.9(2)
014 015 H15 119.8(2) 024 025 H25 1 2 0 .2 (2 )
016 015 H15 1 2 0 .0 (2 ) 026 025 H25 1 2 0 .8 (2 )
O i l 016 015 119.9(2) 0 2 1 026 025 120.4(2)
O i l 016 H16 1 2 0 .1 (2 ) 0 2 1 026 H26 1 2 0 .0 (2 )
015 016 H16 1 2 0 .0 (2 ) 025 026 H26 119.6(2)
0 1 017 H17A 109.3(2) 0 2 027 H27A 109.8(3)
0 1 017 H17B 109.5(2) 0 2 027 H27B 109.5(2)
0 1 017 H170 109.4(3) 0 2 027 H270 109.7(2)
H17A 017 H17B 109.6(3) H27A 027 H27B 109.2(2)
H17A 017 H170 109.4(2) H27A 027 H270 109.8(2)
H17B 017 H I 70 109.8(2) H27B 027 H270 109.0(4)
N i l 018 H18A 109.3(2) N21 028 H28A 109.7(2)
N i l 018 H18B 109.4(2) N21 028 H28B 109.5(2)
N i l 018 H180 109.3(2) N21 028 H280 109.5(3)
H18A 018 H18B 109.6(2) H28A 028 H28B 109.4(3)
H18A 018 H180 109.6(3) H28A 028 H280 109.6(3)
H18B 018 H180 109.6(2) H28B 028 H280 109.1(1)
N13 019 N14 172.7(2) N23 029 N24 173.0(2)
Numbers in parenthesis are estimated standard deviations in the least significant digits.
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Table of Torsional Angles in Degrees
Atom 1 Atom 2 Atom 3 Atom 4 Angle Atom 1 Atom 2 Atom 3 Atom 4 Angle
C17 0 1 014 013 -2 . 2 027 0 2 024 023 177.3
C17 0 1 014 015 176.7 027 0 2 024 025 -1.7
C14 0 1 017 H17A 179.9 024 0 2 027 H27A -179.8
C14 0 1 017 H17B -60.1 024 0 2 027 H27B -60.0
C14 0 1 017 H I 70 60.2 024 0 2 027 H270 59.5
C11 N i l 0 1 0 N12 -4.6 0 2 1 N21 0 2 0 N22 -3.0
C11 N i l 0 1 0 N13 176.1 0 2 1 N21 0 2 0 N23 178.3
C18 N i l 0 1 0 N12 -179.8 028 N21 0 2 0 N22 175.8
C18 N i l O1 0 N13 0.9 028 N21 0 2 0 N23 -2.9
C10 N i l O i l 0 1 2 -96.2 0 2 0 N21 0 2 1 0 2 2 106.1
C10 N i l O i l 016 87.9 0 2 0 N21 0 2 1 026 -76.0
C18 N i l O i l 0 1 2 79.2 028 N21 0 2 1 0 2 2 -72.7
C18 N i l O i l 016 -96.8 028 N21 0 2 1 026 105.1
C10 N i l 018 H18A -180.0 0 2 0 N21 028 H28A -179.8
C10 N i l 018 H18B -60.0 0 2 0 N21 028 H28B -59.6
CIO N i l 018 H180 60.0 0 2 0 N21 028 H280 59.9
0 1 1 N il 018 H18A 4.6 0 2 1 N21 028 H28A -0.9
O i l N i l 018 H18B 124.6 0 2 1 N21 028 H28B 119.2
O il N i l 018 H180 -115.4 0 2 1 N21 028 H280 - 1 2 1 . 2
Hn12A N12 O1 0 N il 169.0 Hn22A N22 0 2 0 N21 170.6
H n12A N12 0 1 0 N13 - 1 1 . 8 Hn22A N22 0 2 0 N23 -10.9
H n12B N12 O 1 0 N il 4.0 Hn22B N22 0 2 0 N21 0.9
H n12B N12 O1 0 N13 -176.8 Hn22B N22 0 2 0 N23 179.5
019 N13 0 1 0 N il 171.4 029 N23 0 2 0 N21 178.2
019 N13 0 1 0 N12 -7.8 029 N23 0 2 0 N22 -0.4
0 1 0 N13 019 N14 -175.0 0 2 0 N23 029 N24 -179.0
N i l O il 0 1 2 013 -175.5 N21 0 2 1 0 2 2 023 178.0
N i l O i l 0 1 2 H12 4.8 N21 0 2 1 0 2 2 H22 -2.5
016 O il 0 1 2 013 0.5 026 0 2 1 0 2 2 023 0 . 2
016 O il 0 1 2 H12 -179.3 026 0 2 1 0 2 2 H22 179.6
N i l O i l 016 015 175.6 N21 0 2 1 026 025 -178.7
N i l O il 016 H16 -4.4 N21 0 2 1 026 H26 1.4
0 1 2 O il 016 015 -0.4 0 2 2 0 2 1 026 025 - 0 . 8
0 1 2 O il 016 H16 179.6 0 2 2 0 2 1 026 H26 179.2
O il 0 1 2 013 014 0.3 0 2 1 0 2 2 023 024 0.9
O il 0 1 2 013 H13 179.8 0 2 1 0 2 2 023 H23 -179.8
H12 0 1 2 013 014 -180.0 H22 0 2 2 023 024 -178.6
H12 0 1 2 013 H13 -0.4 H22 0 2 2 023 H23 0 . 8
0 1 2 013 014 0 1 177.8 0 2 2 023 024 0 2 179.7
0 1 2 013 014 015 - 1 . 1 0 2 2 023 024 025 - 1 . 2
H13 013 014 0 1 - 1 . 8 H23 023 024 0 2 0.3
H13 013 014 015 179.3 H23 023 024 025 179.4
0 1 014 015 016 -177.7 0 2 024 025 026 179.5
0 1 014 015 H IS 2.5 0 2 024 025 H25 -0.7
013 014 015 016 1.3 023 024 025 026 0.5
013 014 015 HIS -178.5 023 024 025 H25 -179.7
014 015 016 O il -0.5 024 025 026 0 2 1 0.5
014 015 016 H16 179.5 024 025 026 H26 -179.5
H IS 015 016 O il 179.2 H25 025 026 0 2 1 -179.2
H IS 015 016 H16 -0 . 8 H25 025 026 H26 0.7
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Table of General Temperature Factor Expressions -U's
Name U(1.1) U(2,2) U(3.3) U(1,2) U(1,3) U(2.3)
0 1 0.0716(7) 0.0403(6) 0.0535(6) -0.0143(5) -0.0247(5) -0.0036(5)
N i l 0.0539(6) 0.0385(6) 0.0541(7) -0.0129(5) -0.0273(5) -0.0042(5)
N12 0.0539(6) 0.0430(7) 0.0616(8) -0.0241(5) -0.0269(5) 0.0024(6)
N13 0.0616(7) 0.0382(6) 0.0533(7) -0.0121(5) -0.0246(5) -0.0049(5)
N14 0.0552(8) 0.0394(7) 0.0574(8) -0.0145(6) -0.0133(6) -0.0014(6)
CIO 0.0426(7) 0.0386(7) 0.0399(7) -0.0097(6) -0.0107(6) -0.0091(6)
O i l 0.0437(7) 0.0386(7) 0.0456(7) -0.0123(5) -0.0182(5) -0.0077(9)
0 1 2 0.058(1) 0.0495(9) 0.0376(8) -0.0130(7) -0.0079(7) -0.0091(7)
013 0.059(1) 0.0430(8) 0.043(8) -0.0035(7) -0.0131(7) -0.0158(6)
014 0.0464(7) 0.0389(7) 0.0459(7) -0.0130(5) -0.0198(5) -0.0066(6)
015 0.0476(8) 0.0489(8) 0.0411(8) -0.0160(6) -0.0097(6) -0.0090(6)
016 0.0427(8) 0.0441(7) 0.0488(8) -0.0086(6) -0 .0 1 0 1 (6 ) -0.0174(6)
017 0.94(1) 0.0396(9) 0.078(1) -0.0044(9) -0.0408(9) -0.0113(8)
018 0.0808(9) 0.0507(9) 0.083(1) -0.0160(7) -0.0538(6) -0.0048(8)
019 0.0427(8) 0.0369(8) 0.0391(8) -0.0060(6) -0.0097(6) -0.0030(6)
0 2 0.0866(9) 0.0450(7) 0.0665(8) -0.0209(6) -0.0234(7) 0.0114(7)
N21 0.0382(6) 0.0388(7) 0.0595(8) -0.0089(5) -0.0149(6) 0.0017(6)
N22 0.0420(7) 0.0334(6) 0.0551(8) -0.0090(5) -0.0136(6) 0.0018(6)
N23 0.0474(6) 0.0357(6) 0.0560(7) -0.0119(5) -0.0220(5) 0.0017(6)
N24 0.0636(8) 0.0494(8) 0.0599(8) -0.0225(6) -0.0244(6) 0.0049(7)
0 2 0 0.0442(7) 0.0320(6) 0.0447(7) -0.0118(5) -0.0190(5) -0.0061(5)
0 2 1 0.0379(7) 0.0350(7) 0.0453(8) -0.0105(6) -0 .0 1 0 0 (6 ) -0.0037(6)
0 2 2 0.0685(9) 0.0493(8) 0.0420(8) -0.0246(7) -0.0153(7) -0.0063(6)
023 0.077(1) 0.0426(8) 0.0529(9) -0.0269(7) -0.0132(8) -0.0093(6)
024 0.0479(9) 0.0399(8) 0.0463(9) -0.0128(7) -0.0065(7) -0.0005(7)
025 0.0500(8) 0.056(1) 0.0516(9) -0.0160(7) -0 .0 2 2 1 (6 ) -0.0008(7)
026 0.0490(9) 0.0445(8) 0.0582(9) -0.0181(6) -0.0180(6) -0.0078(6)
027 0.079(1) 0.072(1) 0.082(1) -0 .0 2 0 (1 ) -0.036(1) -0.023(1)
028 0.044(1) 0.055(1) 0.097(2) -0.0049(9) -0.014(1) -0.006(1)
029 0.0517(7) 0.0334(7) 0.0530(8) -0.0109(5) -0.0282(5) -0.0016(6)
The form of the anisotropic thermal parameter is :
exp[-2pi2{h2a2U(1,1) + k2b2U(2,2) +12c2U(3,3) +2hkabU(1,2) +2h1acU(1,3)+ 2k1bcU(2,3)}] 
where a, b, and c are reciprocal lattice constants.
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Crystal Data for 
A/-(4-chlorophenyl)-A/’-cyano-Af,Af” AT’-trimethyiguanidine 66d
cell dimensions
volume 
space group 
z
DCALC 
p(MoKa) 
Mol. Wt.
X
F(OOO)
a = 6.187(5) A 
b = 13.362(3) A 
c= 14.165(4) A 
1171.0(1.4) A^
P 2i2i2i
4
1.341 g/cm  ^
3.02 cm'"' 
236.71 
0.71073 A 
496
R
loR
S
0.044
0.045
1.085
Table of Positional Parameters and Their Estimated Standard Deviations
Atom X Y Z B(A2)
C l 0.5133(3) 0.9629(1) 0.9873(1) 4.92(3)
N1 0.5915(7) 0.5800(3) 0.7800(3) 3.16(9)
N2 0.7896(8) 0.6253(3) 0.6473(3) 3.5(1)
N3 0.8738(8) 0.4785(3) 0.7182(3) 3.6(1)
N4 0.890(1) 0.3631(4) 0.8542(4) 5.8(1)
C1 0.537(1) 0.8515(3) 0.9223(3) 3.3(1)
C2 0.7288(9) 0.8291(4) 0.8804(4) 3.3(1)
C3 0.7456(9) 0.7387(4) 0.8316(4) 3.0(1)
C4 0.5705(8) 0.6739(3) 0.8260(3) 2 .8 (1 )
C5 0.3766(9) 0.7000(4) 0.8684(4) 3.4(1)
C6 0.358(1) 0.7894(4) 0.9181(4) 3.7(1)
C7 0.439(1) 0.5003(4) 0.8051(4) 4.5(1)
C 8 0.7534(9) 0.5605(3) 0.7161(3) 2.9(1)
C9 0.634(1) 0.7000(4) 0.6154(4) 4.1(1)
C10 0.982(1) 0.6146(4) 0.5878(4) 5.1(1)
C11 0.875(1) 0.4200(4) 0.7937(4) 3.7(1)
H2 0.8533 0.8755 0.8850 4*
H3 0.8847 0.7206 0.8000 4*
H5 0.2515 0.6527 0.8654 4*
H6 0.2185 0.8090 0.9481 4*
H7A 0.4824 0.4380 0.7716 4*
H7B 0.4416 0.4910 0.8740 4*
H7C 0.2911 0.5212 0.7837 4*
H9A 0.5083 0.7020 0.6607 4*
H9B 0.5807 0.6837 0.5512 4*
H9C 0.7043 0.7679 0.6149 4*
H10A 0.9832 0.5472 0.5576 4*
H10B 1.1146 0.6226 0.6279 4*
H10C 0.9826 0.6675 0.5375 4*
starred atoms were refined isotropically.
Anisotropically refined atoms are given inn the form of the isotropic equivalent thermal parameter defined 
as:
(4/3)[a2B(1,1) +b2B(2.2) + c2B(3,3) +ab(cosy)B(1,2) + ac(cosp)B(1,3) + bc(cosa)B(2,3)]
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Table of Torsional Angles in degrees
Atom 1 Atom 2 Atom 3 Atom 4 Angle Atom 1 Atom 2 Atom 3 Atom 4 Angle
C7 N1 C4 C3 157.3 C9 N2 CIO H10C 6 . 6
C7 N1 C4 C5 -2 0 . 6 C11 N3 C 8 N1 -14.2
C 8 N1 C4 C5 -2 0 . 1 C11 N3 C 8 N2 167.3
C8 N1 C4 C5 162.0 C 8 N3 C11 N4 176.1
C4 N1 C7 H7A -175.0 C l C l C2 C3 178.0
C4 N1 C7 H7B -53.6 C l C l C2 H2 -1.5
C4 N1 C7 H7C 6 6 . 2 C6 C l C2 C3 -0.4
C8 N1 C7 H7A 2.5 C6 C l C2 H2 -179.8
C 8 N1 C7 H7B 123.9 C l C l C6 C5 -178.7
C 8 N1 C7 H7C -116.3 C l C l C6 H6 3.3
C4 N1 C 8 N2 -49.0 C2 C l C6 C5 -0.3
C4 N1 C 8 N3 132.5 C2 C l C6 H6 -178.3
C7 N1 C8 N2 133.7 C l C2 C3 C4 0 . 1
C7 N1 C 8 N3 -44.9 C l C2 C3 H3 179.7
C9 N2 C8 N1 -19.8 H2 C2 C3 C4 179.6
C9 N2 C 8 N3 158.9 H2 C2 C3 H3 - 0 . 8
C10 N2 C 8 N1 170.1 C2 C3 C4 N1 -177.1
C10 N2 C 8 N3 - 1 1 . 2 C2 C3 C4 C5 0 . 8
C8 N2 C9 H9A 9.7 H3 C3 C4 N1 3.3
C8 N2 C9 H9B - 1 1 0 . 8 H3 C3 C4 C5 -178.8
C8 N2 C9 H9C 128.1 N1 C4 C5 C6 176.5
C10 N2 C9 H9A -179.8 N2 C4 C5 H5 -0.9
C10 N2 C9 H9B 59.7 C3 C4 C5 C6 -1.5
C10 N2 C9 H9C -61.4 C3 C4 C5 H5 -178.8
C 8 N2 CIO H10A 57.1 C4 C5 C6 C l 1 . 2
C 8 N2 CIO H10B -63.0 C4 C5 C6 H6 179.2
C 8 N2 C10 H10C 177.6 H5 C5 C6 C l 178.5
C9 N2 C10 H10A -113.9 H5 C5 C6 H6 -3.5
C9 N2 C10 H10B 126.0
Table of General Temperature Factor expressions - U
Name U(1 ,1 ) U(2.2) U(3,3) U(1.2) U(1,3) U(2,3)
C l 0.083(1) 0.0449(6) 0.0594(7) 0.0194(9) -0.005(1) -0.0093(7)
N1 0.0(3)42 0.034(2) 0.044(2) -0.005(2) 0.007(2) - 0 .0 0 1 (2 )
N2 0.057(3) 0.039(2) 0.036(2) -0 .0 0 0 (2 ) 0.011(3) 0 .0 0 2 (2 )
N3 0.052(3) 0.040(2) 0.046(2) 0.003(3) 0.002(3) 0 .0 0 2 (2 )
N4 0.101(4) 0.055(3) 0.063(3) 0.018(4) -0.006(4) 0.014(3)
C l 0.059(4) 0.031(2) 0.037(3) 0.005(3) -0.003(3) 0.003(2)
C2 0.043(3) 0.040(3) 0.043(3) 0.000(3) -0.003(3) -0.001(3)
C3 0.035(3) 0.042(3) 0.038(3) 0.003(3) 0.002(3) 0 .0 0 1 (2 )
C4 0.041(3) 0.035(2) 0.032(2) 0.003(3) -0.001(3) 0 .0 0 2 (2 )
C5 0.037(3) 0.041(3) 0.050(3) -0.002(3) 0.008(3) 0.005(3)
C6 0.045(3) 0.048(3) 0.046(3) 0.016(3) 0.008(3) 0.006(3)
C7 0.051(4) 0.050(3) 0.069(4) -0.011(3) 0.005(4) -0.007(3)
C8 0.038(3) 0.040(3) 0.034(2) -0.003(3) -0.003(3) 0 .0 0 1 (2 )
C9 0.070(4) 0.045(3) 0.040(3) 0.004(3) -0.007(3) 0.012(3)
CIO 0.083(5) 0.056(3) 0.056(3) -0.013(4) 0.023(4) 0.002(3)
C11 0.048(3) 0.037(2) 0.056(3) 0.007(3) 0.003(4) -0.007(3)
"he form of the anisotropic thermal parameter is :
;xpI-2n2{h2a2U(1,1)+ k2b2U(2,2) + 12c2U(3,3) + 2hkabU(1,2) + 2hlacU(1,3) + 2klbcU(2,3)}]
where a, b, and c are reciprocal lattice constants.
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Table of Bond Angles in Degrees
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle
C4 N1 C7 118.1(4) C5 C6 H6 120.7(5)
C4 N1 C8 122.5(4) N1 0 1  H7A 108.6(5)
C7 N1 C8 119.3(4) N1 01  H7B 108.8(5)
C8 N2 C9 124.4(5) N1 0 1  H7C 108.1(5)
C8 N2 C10 119.7(4) H7A 01  H7B 111.3(5)
C9 N2 CIO 115.2(4) H7A C7 H7C 109.6(6)
C8 N3 C11 120.7(5) H7B 01  H7C 110.3(6)
C1 C1 C2 119.1(4) N1 01  N2 118.9(4)
C1 C1 C6 117.8(4) N1 C8 N3 123.4(4)
C2 C1 C3 123.1(5) N2 C8 N3 117.6(5)
C1 C2 H2 118.1(5) N2 C8 H9A 109.2(4)
C1 C2 H2 120.8(5) N2 C9 H9B 110.7(5)
C3 C2 C4 121.1(5) N2 C9 H9C 109.5(6)
C2 C3 H3 120.6(5) H9A C9 H9B 109.5(6)
C2 C3 H3 119.7(5) H9A C9 H9C 108.3(5)
C4 C3 C3 119.7(5) H9B C9 H9C 109.7(5)
N1 C4 C5 120.4(5) N2 CIO H10A 109.9(6)
N1 C4 C5 120.0(4) N2 CIO H10B 109.1(5)
C3 C4 C6 119.6(4) N2 CIO H10C 109.9(6)
C4 C5 H5 120.3(5) H10A CIO H10B 109.5(6)
C4 C5 H5 119.6(5) H10A CIO H10C 109.4(5)
C6 C5 C5 120.1(5) H10B CIO H10C 109.0(6)
C1 C6 H6 118.3(5) N3 C11 N4 173.3(6)
C1 C6 H6 121.0(5)
Numbers in parenthesis are estimated standard deviations in the least significant digits.
Dihedral Angles Between Planes
Plane No. Plane No. Dihedral Angle /  ° Plane No. Plane No. Dihedral Angle /  °
1 2 20.5 2 6 26.0
1 3 69.4 3 4 15.6
1 4 62.0 3 5 18.3
1 5 67.0 3 6 35.5
1 6 34.0 4 5 6.4
2 3 58.2 4 6 29.6
2 4 46.9 5 6 35.5
2 5 50.6
Table of Bond Distances in Angstroms
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
C1 C1 1.756(5) C3 H3 1.000(5)
N1 C4 1.421(6) C4 C5 1.385(7)
N1 01 1.466(7) C5 C6 1.395(7)
N1 C8 1.375(7) C5 H5 1.392(7)
N2 C8 1.323(6) C6 H6 0.999(5)
N2 C9 1.458(7) C7 H7A 0.999(6)
N2 C10 1.467(8) C7 H7B 0.993(6)
N3 C8 1.325(6) C7 H7C 0.984(6)
N3 C11 1.324(7) C9 H9A 1.006(6)
N4 C11 1.149(7) C9 H9B 0.991(5)
C1 C2 1.362(8) C9 H9C 1.006(6)
C1 C6 1.380(8) CIO H10A 0.996(6)
C2 C3 1.396(7) CIO H10B 1.003(7)
C2 H2 0.992(5) CIO H10C 1.004(6)
C3 C4 1.389(7)
Numbers in parenthesis are estimated standard deviations in the least significant digits.
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